Changes in soil structure under different cropping systems by Gibbs, R. J.
 
 
 
 
 
 
 
 
 
Lincoln University Digital Thesis 
 
 
Copyright Statement 
The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 
This thesis may be consulted by you, provided you comply with the provisions of the Act 
and the following conditions of use: 
 you will use the copy only for the purposes of research or private study  
 you will recognise the author's right to be identified as the author of the thesis and 
due acknowledgement will be made to the author where appropriate  
 you will obtain the author's permission before publishing any material from the 
thesis.  
 
CHANGES IN SOIL STRUCTURE UNDER 
DIFFERENT CROPPING SYSTEMS 
A thesis 
submitted in partial fulfilment 
of the requiranents for the degree 
of 
Doctor of Philosophy 
in the 
University of Canterbury 
by 
R J Gibbs 
Lincoln College 
1986 
"Concepts which have proved useful for ordering things easily assume so 
great an· authority over us, that we forget their terrestrial origin and 
accept them as unalterable facts. They then become labelled as 
'conceptual necessities', 'a priori situations', etc. The road of 
scientific progress is frequently blocked for long periods by such 
errors. It is therefore not just an idle game to exercise our ability 
to analyse familiar concepts, and to demonstrate the conditions on which 
their justification and usefulness depend, and the way in which these 
developed, little by little, from the data of experience." 
Albert Einstein 1879-1955 
Abstract ofa thesis submitted in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy 
CHANGES IN SOIL STRUCTURE UNDER 
DIFFERENT CROPPING SYSTEMS 
by 
R J Gibbs 
Despite a large number of experimental investigations, it remains 
difficult to predict, or even interpret, changes in soil structure under 
different cropping systems. The principal objective of this 
investigation was to devise and test a conceptual model which could 
provide a framework for the design and interpretation of experiments 
concerning the effects of cropping systems on soil structure. The model 
concentrates on processes that change E100 (the volume of pores> 100 ~m 
in effective diameter per unit volume rif total soil). The processes 
identified are tillage, slaking and slumping, earthworm activity as well 
as root growth and decomposition. 
A glasshouse experiment demonstrated that root growth and 
d:~omposition could significantly change E100 and soil transmission 
properties, but attempts to mathematically model these changes were 
unsuccessful. In addition, the presence of living roots of wheat and 
perennial ryegrass both helped to maintain pore stability, as indicated 
by the way in which saturated hydraulic conductivity changed with time. 
I . 
Field experiments were conducted at Lincoln College, Canterbury, 
New Zealand to provide sufficient data to apply the conceptual model in 
the form of a budget equation for the 5-15 cm soil depth. In one 
experiment, perennial ryegrass and winter wheat were managed identically 
within two cultivation systems (conventional cultivation and direct-
drilling) on a silt loam initially in long. term pasture. Many of the 
soil measurements indicated a deterioration in soil structure over the 
two years of the experiment, regardless of treatment. There was little 
indication of differences between the effects of winter wheat or 
perennial ryegrass on soil structure. Nevertheless, as in the 
glasshouse experiment, the presence of living roots helped to arrest the 
• decline in soil structure. 
In another field experiment using rhizotrons, it was found that an 
instantaneous measurement of the maximum amount of root material present 
in the soil could underestimate the real amount returned over one season 
by as much as 60% of the harvested root dry weight. Visual observations 
indicated a half-life of 254 days for perennial ryegrass root 
decomposition under Canterbury conditions. 
Analysis of the field experiment results using the conceptual 
model suggested that tillage and slumping were primarily responsible for 
changes in E100 ' whereas the actions of roots and earthworms themselves 
were insufficient for causing appreciable short-term increases in E100 . 
Tillage appears the only practical way to achieve a rapid increase in 
E100 • This increase may be best achieved if tillage is carried out when 
a crop is established so that the effect of living roots on macropore 
stability will be utilised to its fullest extent. Development and 
application of the conceptual model has emphasised a major need for 
methods to estimate macropore stability. 
KEY WORDS: Soil structure; modelling; tillage; winter wheat; perennial 
ryegrass; cropping systems; root growth; root decomposition; 
earthworms; slumping; infiltration; macroporosity; macropore 
stability; hydraulic conductivity; aggregate stability; 
rhizotron. 
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1 
CHAPTER ONE 
INTRODUCTION 
1.1 BACKGROUND 
Soil structure has been defined as "the physical constitution of a 
soil material as expressed by the size, shape and arrangement of solid 
particles and voids, including both the primary particles to form 
compound particles and the compound particles themselves" (Brewer, 
1964). Marshall (1962) used a similar definition. To some workers the 
definition of soil structure has been primarily concerned with the shape 
and arrangement of individual soil particles into aggregates (Emerson, 
1977), whilst to others it has been more associated with the soil pore 
size distribution (Russell, E.W., 1971). For the purpose of this 
thesis, soil structure is broadly defined as the size and arrangement of 
soil particles and voids. 
The structural condition of a soil is well known to be important 
for successful crop growth. Root growth, seedling emergence and 
retention and transmission of air, water and nutrients are all affected 
by soil structure. There are two physical attributes which soil should 
possess to help crop growth remain successful: 
1. Sufficient large diameter, continuous and stable pores to allow 
satisfactory infiltration of water, drainage, aeration and 
unimpeded root extension. 
2. Sufficient pores narrow enough to resist gravitational drainage 
but wide enough to release water to crop roots (Cary and Hayden, 
1973; Russell, R.S., 1977; Greenland, 1981; Oades, 1984). 
2 
Most soils will only begin to possess the above physical 
attributes when the primary particles of sand, silt and clay are bound 
into water-stable aggregates (Martin et aI, 1955). Factors which alter 
the stability and arrangement of soil aggregates are therefore very 
important. 
It is unfortunate that many aspects of soil structure (e.g. ease 
of cultivation) are often assessed only qualitatively and their effects 
are difficult to evaluate in terms of crop yield (Cooke, 1967). Even in 
situations where crop yields seem clearly related to one particular soil 
structural measurement, the effect may be indirect (Marshall, 1962). 
Nevertheless, many situations have existed where improved crop 
yields have been directly attributed to changes in the physical 
condition of the soil (Page and Willard, 1946; Low, 1973; O'Sullivan and 
Ball, 1982; Braim et aI, 1984; Ide et aI, 1984). However, attempts to 
make direct correlations between crop yields and soil structural 
measurements seem unconvincing (see for example, Baver and Farnsworth, 
1940; Doyle and Hamlyn, 1960; Osborne et aI, 1978); it does not 
necessarily follow that a large root system, attained because of 
favourable soil structure, will automatically produce a large crop 
yield. In many instances, restriction of root growth in poorly 
structured soils can be compensated by the addition of extra fertilisers 
(Clement, 1961). Crop yields may be influenced by such a complex 
interaction of soil, plant and environmental factors that it is 
difficult to attribute any of the differences in recorded yields to 
specific changes in soil properties (Ross and Hughes, 1985). 
The effect of soil structure on crop growth is therefore not only 
very important, but also complicated. Despite what is already known 
about the subject, we still have a general inability to quantitatively 
describe the physical environment of the soil and to evaluate the 
relationships between plant roots and soil physical conditions 
(Greenland, 1977; Ehlers, 1984; Schafer, 1984). Moreover, in some 
situations, the structural condition of a soil may even be the most 
frequent limiting factor in crop production (Sequi, 1978; Cooke, 1979). 
1.2 A BRIEF PERSPECTIVE OF THE MEASUREMENT OF SOIL STRUCTURE 
3 
The scope of soil structure definitions and the variety of ways in 
which it influences crop growth makes it difficult to decide how best to 
measure the structural condition of a soil. The importance of a given 
factor may vary from day to day and from season to season (Low, 1975) 
and this can complicate the choice of measurement technique. No single 
measurement or value can adequately describe all the physical properties 
of soil structure. 
The choice of measurement often depends on the exact nature of the 
investigation. For example, measurements of the water stability of 
aggregates may be appropriate to studies of a soil's ability to resist 
slaking, crusting and erosion, whereas a study of porosity is more 
applicable to investigations of soil water movement, aeration and root 
penetration (Dexter et aI, 1982). 
4 
A common method of assessing soil structure has been to measure 
the percentage of soil that remains stable when sieved under water in a 
standardised way (Yoder, 1936; Low, 1954,1955; Pannabokke and Quirk, 
1957; Greacen, 1958; Clement and Williams, 1958; Robinson and Jaques, 
1958; Low et aI, 1963; Williams et aI, 1966; Kemper and Koch, 1966; 
Clarke et aI, 1967; Luk, 1979; Adem and Tisdall, 1984; Stengel et aI, 
1984; Chaney and Swift, 1984). These sorts of laboratory measurements 
are inherently arbitrary due to the complex nature of aggregate 
breakdown in the field (Douglas, 1977). Furthermore, the results 
obtained may depend critically upon the treatment of the aggregates 
before and during sieving (Allison, 1968; Russell, E.W., 1971; North, 
1976; Douglas and Goss, 1982). Low (1954) illustrated the variations in 
results caused by different variants of the same basic wet-sieving 
technique, and also by different individuals using the same technique. 
The wet-sieving method measures aggregate stability, although many 
of its earlier advocates considered it to measure aggregation. Neither 
aggregate stability nor aggregation are synonymous with soil structure 
(Allison, 1973; Sequi, 1978), even though some authors have used the 
terms interchangeably (Andrew, 1965; Agricultural Advisory Council, 
1970). 
There are several other methods of measuring aggregate stability 
in water. Assessment has been attempted using visual observation 
(Emerson, 1967), turbidimetry (Davidson and Evans, 1960; Williams et aI, 
1966), water release curves or permeability tests from columns of 
aggregates (Williams and Cooke, 1961; Collis-George and Laryea, 1972; 
Pringle, 1975) and tests of stability of soil aggregates under simulated 
rainfall (Pereira, 1956; Francis and Cruse, 1983). Ultrasonic energy 
has also been used (North, 1976). 
In recent y~ars there has been a move away from relying upon 
measurements of aggregate stability to characterise soil structure. 
This has been because some workers have considered that properties of 
the pore space give the best guide to a soil's structural condition 
(Russell E.W., 1971; Cary and Hayden, 1973; Greenland, 1981; Osborne, 
1984). The amounts and stability of soil pore space indicate~ the 
degree to which management has succeeded in holding the constituent 
primary particles apart (Currie, 1966). 
5 
Total porosity and pore size distribution measurements are usually 
made by indirect methods; water release curves are commonly used for 
measuring pores of a certain size, although a variety of techniques 
exist (Lawrence, 1977). Direct optical methods have recently been 
successfully used (Dexter, 1976; Bullock and Thomasson, 1979, Ringrose-
Voase and Bullock, 1984). 
Transmission properties that are directly influenced by the 
porosity of a soil are being used more frequently in soil structure 
research (Baker, 1979; Hamblin and Tennant, 1981; Negi et aI, 1981; 
McKeague et aI, 1982; Allmaras et aI, 1982; Hamblin 1982; Kanchanasut 
and Scotter, 1982; Wang et aI, 1985). For example, the concept of 
assessing pore geometry by using air permeability and hydraulic 
conductivity is well known (Ehlers, 1977; Hillel, 1980a; Ball, 1981a,b; 
Groenevelt et all 1984). 
, Soil strength is another important property frequently used in 
studies of soil structure to help explain or predict differences in 
seedling emergence and root growth. Methods of soil strength 
measurement include cone penetrometry and vane shear strength (Hodgson 
et aI, 1977; Ball and O'Sullivan, 1982; O'Sullivan and Ball, 1982; 
Ehlers et aI, 1983; Groenevelt et aI, 1984; Braim et aI, 1984). 
6 
There are several comprehensive texts available on methods of soil 
structure measurement (Black, 1965; De Boodt et aI, 1967; Archer and 
Marks, 1977; Revut and Rode, 1981) as well as a great many scientific 
papers. However in 1979, Cooke stated that as yet "we cannot give a 
quantitative account of soil structure that can be used by other crop 
scientists". He concluded "that the ultimate aim (for future research 
in soil science) must be to predict the effects of inputs in dynamic 
production systems, whose soil and plant components have been 
quantified". In terms of soil structure research, this must mean that 
attention should concentrate more on pores rather than aggregates as 
such, since porosity is the most relevant soil physical property 
affecting crop growth (Cary and Hayden, 1973). 
CHAPTER TWO 
CHANGES IN SOIL STRUCTURE UNDER DIFFERENT CROPPING SYSTEMS 
- A REVIEV 
2.1 INTRODUCTION 
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The choice of cropping system is often an important factor 
influencing the type and stability of soil structure. The aim of this 
chapter is to outline and summarise some of the reported changes in soil 
structure under different cropping systems. The literature cited has 
also been chosen to illustrate the range of methods used to characterise 
soil structure and to act as a basis for discussion on further research 
work needed in soil structure. 
2.2 REPORTED CHANGES IN SOIL STRUCTURE 
It was decided to summarise many reported changes in soil 
structure under different cropping systems in the form of a table. This 
was done not only for brevity, but also to make it easy to compare the 
results from different references. Although the table is detailed and 
long, it is by no means exhaustive (Table 2.1). Many uncited but 
relevant references did not contain information that was in an 
appropriate form to tabulate. Formulation of the table was also made 
difficult by the variety of ways in which results were presented in the 
original articles. 
Table 2.1: Differences in soil structural and related parameters between soil under various temperate crops 
and management. Abbreviations are explained at the bottom of each page. 
Cropping system Soil measurement and result 
1. Continuous bluegrass +4 
2. Corn, oats (residues % change 
removed) in air-filled -73 
3. Corn, oats (residues porosity over 
returned) one growing -61 
4. Continuous corn season 
(stalks removed) -61 
5. Continuous corn 
(stalks returned) -51 
Comments 
All treatments entered 
season with favourable 
degree of aggregation. 
Lower porosities were 
associated with lower 
yields. All samples 
taken during corn 
(except bluegrass). 
Soil depth not indicated. 
Reference 
Country of origIn 
Soil texture 
Page and Villard 
(1946) 
Ohio, USA 
Paulding clay 
co 
Table 2.1 (cont.) 
1. 100 yrs grassland 
2. Continuous arable 
cultivation 
3. 4 yrs arable cultivation 
after 25 yrs grass 
4. Continuous arable 
cultivation 
5. 1 yr ley followed by 
4 yrs arable cultivation 
6. 3 yrs ley followed by 
2 yrs arable cultivation 
Effect of 3.5 yr ley 
(ryegrass/clover) 
on arable soil 
Total 
porosity 
(%) 
% of soil 
< 2 mm in 
YSA > 2 mm 
% YSA 
> 0.5 mm 
YSA water-stable aggregates (wet-sieving). 
61 
43 
49 
1 
4 
10 
0.5 yrs 3.5 yrs 
Drayton 42 45 
Hurley 3 7 
Measurement made 
on 0-5 em soil 
cores. 
Measured on first arable 
crop after ley period. 
3-5 mm air-dry aggregates 
used, immersed directly 
in water. Samples taken 
from plough layer. 
Increases similar for both 
soils despite initial greater 
stabili ty of Drayton soil. 
Yhole air-dry samples used, 
(0-15 em soil depth) 
immersed directly in water. 
Low (1954) 
Jealott's Hill 
England 
clay loam 
(see also Low, 1976) 
Clement and Yilliams 
(1958) 
Hurley, England 
Drayton: clay loam 
Hurley : sandy loam 
I.C 
Table 2.1 (cont.) 
3 yrs cropping of 
kale and maize 
followed by: 
1. Ryegrass 
2. Yhite clover 
3. Bare ground 
1. Continuous arable 
cultivation 
2. 3 yrs pasture 
(ryegrass/clover) 
3. Ploughing 3 yr pasture 
to 15 cm 
1,2 or 3 yr ley 
(ryegrass/clover) 
in arable rotation 
YSA water-stable aggregates. 
% YSA 
> 1.676 mm 
% YSA 
> 2 mm 
("aggregation") 
1. "aggregation" 
2. seedbed 
preparation 
Months after sowing 
4 12 20 
64 86 90 
61 81 86 
57 69 79 
2 
40 
22 
"Best" structure 
and easiest seed-
bed preparation 
after 3 yr ley 
3-6 mm air-dry aggregates 
used, (0-10 cm soil depth) 
immersed directly in water. 
2-5 mm air-dry aggregates 
used, (0-2.5 cm soil depth) 
immersed directly in water. 
Continuous arable 
cultivation led to poor 
crumb structure, difficult 
seedbed preparation and soil 
panned after heavy rain. 
Robinson and Jaques 
(1958) 
Palmers on North, 
. New Zealand 
Tokomaru silt loam 
Greacen (1958) 
Adelaide, Australia 
clay loam/loam 
Lewis et al (1960) 
Jealott's Hill, 
England 
sandy loam 
~ 
a 
Table 2.1 (cont.) 
1. Continuous grass 
2. Potatoes for 26 yrs 
3. Potatoes fJ)~ 26 yrs 
+ 16 t -ha -1 yr ':':1~YM! 
4. Potato/grain/clover 
1. Continuous arable 
cultivation 
2. Arable after i yrs grass 
3. FYM (37 t ha- ) once in 
5 yrs 
4. 6 months grass 
5. 3 yrs grass 
3 yr ley (ryegrass/clover) 
in arable rotation after 
long period of arable 
cultivation 
FYM farmyard manure. 
% VSA % pores % total % organic 
> 0.25 mm > 50 pm porosity matter 
57 30 
31 14 
38 19 
30 17 
Loss in pore space 
on slaking (%) 
45 
39 
41 
22 
4 
Soil organic 
matter 
67 4.6 
52 2.1 
57 3.5 
59 2.9 
Permeability 
after slaking 
20 
25 
25 
35 
800 
Increase of 
-1 10 t ha in top 
15 cm of ley soil 
Doy Ie and Hamlyn 
Vhole air-dry soil ~amples (1960) 
used, immersed directly in New Brunswick 
water (first measurement). Canada 
Soil depth not specifically 
indicated. sandy loam 
Sampling made at least one 
year after ploughing grass Villiams and Cooke 
or applying FYM (2. and 3.) (1961) 
4-6 mm air-dry aggregates Voburn, England 
used (from topsoil) packed 
into columns. Grass was 
considered more effective sandy soil 
than FYM. Units of 
permeability are cm h-1 
Benefit of ley for subsequent Clement (1961) 
arable crop thought to be Hurley, England 
nutritional. sandy loam 
...... 
...... 
Table 2.1 (cont.) 
0, 1, 2, or 3 yrs of ley 
followed by kale and 
winter wheat 
3 yrs of various 
pasture species 
llheat crop after: 
1. 2 yrs clover ley 
2. 3 yrs clover ley 
3. 5 yrs clover ley 
llSA = water-stable aggregates. 
1. % of soil 
< 0.5 mm in 
llSA > 0.5 mm 
2. llater drops 
disintegrating 
moistened 
aggregates 
Infiltration in 
first 30 minutes 
Infiltration in 
first 30 minutes 
Years in ley 
0 1 2 3 
1.3 1.5 2.8 3.6 
12 13 15 20 
Increased on all 
but one treatment. 
Effect enhanced by 
addition of N 
11 
12 
14 
Samples taken after wheat was Low et al (1963) 
harvested. 2 yrs ley in 5 
considered inadequate for 
maintaining satisfactory 
level of llSA. 3-5 mm 
air-dry aggregates used, 
(0-15 cm) immersed directly 
in water (first measurement 
only) • 
Soil originally cropped to 
wheat for 80 yrs. Root 
channels thought to be 
responsible for effect. 
Measurements were mainly 
unreplicated. Units are 
-1 
cm h 
Jealott's Hill, 
England 
sandy loam 
Clarke et al (1967) 
Adelaide, Australia 
loamy fine sand 
Stoneman (1973) 
Vestern Australia 
llongan loamy sand 
.......~\ 
·N ~ f t' 
Table 2.1 (cont.) 
1. Newly ploughed 
buffalo grass 
2. sorghum/wheat/sugar beet/ 
corn rotation 
1. Prolonged arable 
cultivation 
2. 17 yrs grass after 
arable cultivation 
3. Old pasture 
Continuous 
maize 
cropping 
Infiltration 
after 6 hrs 
0.95 
0.13 
Organic C (%) 
0.9 
1.7 
4.8 
Bulk ~jnsity 
(g cm ) 
Available water 
(v/v %) 
% VSA > 2 mm 
K (~~th-1) % YSA 
2.32 33 
0.02 4 
Light fraction (%) 
8.5 
20-23 
20-23 
Years under maize 
036 9 
0.72 0.75 0.71 0.79 
0.84-2.00 mm air-dry 
aggregates used from plough 
layer (third measurement), 
immersed directly in water. 
Units of infiltration are 
h-1 d . cm • K measure In 
sal cores from pough layer. 
Light fraction defined as 
partly decomposed material 
with specific gravity 
< 2.06. 0-15 cm soil depth. 
Values are means of 3 
sampling depths (0-35 cm). 
25 26 23 
79 64 56 
2-8 mm air-dry aggregates 
23 used, immersed directly in 
55 water (third measurement). 
VSA = water-stable aggregates; K t = saturated hydraulic conductivity. 
sa 
Skidmore et al 
(1975) 
Kansas, USA 
silt loam 
Yhitehead et al 
(1975) 
Hurley, England 
sandy loam 
Cotching et al 
(1979) 
Vaikato district, 
New Zealand 
Horotiu silt loam 
........ 
w 
Table 2.1 (cont.) 
Yheat grown under: 
1. Disk ploughing 
2. Minimum tillage 
3. Zero tillage 
Rotation of oats/wheat/ 
oats/wheat grown for 
4 yrs under: 
1. Direct-drilling 
2. Conventional cultivation 
Oats grown for 6 yrs under: 
1. Direct-drilling 
2. Conventional cultivation 
K. Infiltraiion 2 a1i 8 -(m x 0 (ml s ) 
Yater contjnt Measured 1 week after 
(cm3 cm-) planting wheat following 
5.5 2.6 0.117 1 yr of lupins and long 
3.9 2.1 0.122 period in pasture. 
2.9 0.7 0.137 (0-10 cm soil depth). 
Bulk density (g cm-3) K t (em h-1) Measurements made during 4th 
sa 0-25 cm year. K t samples taken at 
1.05 
1.01 
Bulk ~jnsity 
(g cm ) 
1.44 
1.30 
36 
15 
topsoil/~~bsoil interface. 
Earthworm activity was prime 
cause of difference in K t. sa 
Yater content K All measurements made in 
(~m3 cm-3) (cm d~1) 0-10 cm soil depth, during 
the summer of the 6th yr. 
35 0.21 Yater content and K 
32 0.17 measured at ~ of -100cm. 
K t = saturated hydraulic conductivity; ~ = matricpotential. 
sa 
Hamblin and Tennant 
(1979) 
Vestern Australia 
loamy sand 
Douglas et al 
(1980/81) 
Yantage, England 
Denchworth soil 
(clay) 
Ehlers et al 
(1980/81) 
Goettingen, Germany 
silty soil 
...... 
~ 
Table 2.1 (cant.) 
T45 (%) % VSA % organic C 
> 0.5 mm (w/w) 
1. Grass reference area 68 90 10.0 
Arable crops grown for 5 yrs 
under: 
2. Direct-drilling 50 70 8.4 
3. Conventional cultivation 45 43 6.9 
Arable crops grown for 4 yrs T45 % organic C 
under: (w/w) 
1. Direct-drilling 36 3.9 
2. Conventional cultivation 42 3.5 
T45 (%) % VSA % organic C 
> 0.5 mm (w/w) 
1. Grass reference area 65 90 7.7 
Arable crops grown for 5 yrs 
under: 
2. Direct-drilling 54 71 5.0 
3. Conventional cultivation 58 35 4.2 
VSA = water-stable aggregates. 
Crops grown not specifically 
mentioned. T45 is the % 
stability as measured by a 
turbidimeter. 0-2.5 cm soil 
depth. 1.4-2.8 mm air-dry 
aggregates used for both 
stability tests, immersed 
directly in water. 
0-2.5 em soil depth. 
Note that direct-drilled soil 
is less stable than cult-
iva ted. Crops grown not 
specifically mentioned. 
0-2.5 cm soil depth. 
Note how results can be 
interpreted differently 
depending on type of stab-
ility measurement. Crops 
grown not specifically 
mentioned. 
• 
Douglas and Goss 
(1982) 
Vantage, England 
Denchworth soil 
(silty clay loam) 
Reference as above 
Andover soil 
(silt loam) 
Reference as above 
Lawford soil 
(silt loam) 
....... 
(]"I 
Table 2.1 (cant.) 
Spring barley grown for 
4 yrs under: 
1. Direct-drilling 
2. Conventional cultivation 
1. Yheat/peas rotation for 
50 yrs 
2. Yheat and summer fallow in 
rotation for 50 yrs 
3. Abandoned churchyard, idle 
since 1913 
1. Soil tilled annually 
for 35 yrs (mainly corn) 
2. Adjacent untilled soil 
(grassland) 
Vane shear strength 
after sowing (kPa) 
36 
14 
in SitU_I at 
(J,lm s ~ 
0.2 
0.8 
K • 
alr 2 (log J,lm ) 
2.2 
2.8 
Organic matter 
(% w/w) 
1.9 
1.8 
2.5 
Bulk ~jnsity Air-filled % organic 
(g cm ) porosity (%) carbon 
1.35 16 2.6 
1.30 19 3.1 
K. air permeability; K t = saturated hydraulic conductivity. 
alr sa 
Strength measured at 20-48 mm O'Sullivan and Ball 
soil depth. K. measured (1982) 
in 10-60 mm soIirdepth after Edinburgh, Scotland 
sowing. MacMerry sandy loam 
K t measured at 1~acm soil depth. 
Organic matter measured in 
0-15 cm soil depth 
All measurements made in 
0-10 cm soil depth 
Allmaras et al 
(1982) 
Oregon, USA 
Yalla Yalla silt loam 
Coote and Ramsey 
. (1983) 
Ontario, Canada 
Ironside loamy sand 
see also Unger (1982) 
I-' 
0) 
Table 2.1 (cont.) 
Spring barley grown for Bulk ~~nsity Mean weight % pores All measurements made in Chaney et al 
7 yrs under: (g cm ) diameter > 60 llm 0-5 cm soil depth, collected (1985) 
1. Direct-drilling 1.38 99 13.3 in the autumn of the 7th year Yorkshire, England 
2. Direct-drilling after Mean weight diameter made on 
deep tine cultivation 1.46 102 9.8 2.0-2.8 mm pre-wetted Vothersome soil 
3. Conventional cultivation 1.34 91 15.7 air-dry aggregates. (fine sany loam) 
Continuous maize/oats forage Bulk de~~ity % pores 
rotation grown under: (g em ) > 60 llm Ross and Hughes 
yrl yr2 yr3 yr1 yr2 yr3 (1985) 
1. Conventional cultivation 1.10 1.24 1.33 17 18 12 Measurements carried out at Palmers on North, 
2. Direct-drilling 1.27 1.44 1.37 6 5 9 harvest over a three year New Zealand 
3. Permanent pasture 1.31 7 period, 0-10 cm soil depth. Tokomaru silt loam 
VSA water-stable aggregates mean weight diameter E(% aggregates on each-sIeve x mean in tersieve vahlE!). 
I--' 
-....,J 
For simplicity, the references are displayed in chronological 
order from 1946 to 1985. The references can be broadly divided into 
those that compare arable cropping systems (using tillage/cultivation) 
with grassland, and those that compare different tillage techniques 
within an arable cropping system. Results from many countries are 
represented although the majority are English. 
Table 2.1 shows general trends. These are: 
1. Perennial crops seem more effective in maintaining a desirable 
soil structure than arable crops grown in soil that is tilled 
annually. 
2. Additions of organic manures seem to be able to partially offset 
the deleterious effects of continuous tillage. 
3. Some form of soil structural deterioration always seems to result 
under arable crops when tillage is practised. 
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4. When a grass and/or legume crop is included in an arable rotation, 
the longer the grass and/or legume crop is grown within that 
rotation, the less deterioration the arable part seems to cause. 
5. Growing arable crops with minimal tillage changes the structure 
compared with continuously tilling it. A minimal tillage system 
may be beneficial to certain aspects of soil structure, like the 
surface soil stability. It has been suggested that continued use 
of minimal tillage will result in a structure similar to that 
found under permanent grassland (Baeumer and Bakermans, 1973). 
Recent summaries of the effects of minimal tillage systems on soil 
structure may be founp in the reviews of Osborne (1984) and 
Cannell (1985). 
These trends are similar to those that were shown by Harris et al 
(1966), who conducted a similar review exercise. However, in the 
pres en t case, it is possi ble to ~E!~uc;tda!e_,--aTit_tle._mo~-a' the effec ts of 
different management systems on soil structure due to the large amount 
of research conducted on reduced or minimal tillage systems since the 
review of Harris et al (1966). 
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There may be an advantage in examining some of the references in 
Table 2.1 individually for the merits of a particular cropping system, 
but there is little advantage in quantitatively comparing the results 
from different references; many of the results presented are not 
directly comparable because of the variety of methods used. Even 
results of similar methods (especially those involving water-stable 
aggregates) are expressed in many different ways. Moreover, there is no 
indication of how small (or large) a particular value must be before 
soil structure becomes a problem. 
Most of the cited references reveal only instantaneous differences 
between areas rather than changes due to cropping systems. Whilst this 
approach may reveal some of the characteristics of soil structure under 
a specific cropping system, prediction of changes in soil structure is 
difficult because the published results reveal little about the dynamics 
of the parameters measured. Often potentially poor soil structure can 
only be identified once it has become a significant problem (see Page 
and Willard, 1946; Cooke and Williams, 1972; Low, 1972,1976 for 
illustrations of poor soil structure). 
Those references that show how the result of a particular 
measurement changed with time stand out as being the most useful for 
forming advice or predictions about the benefits or disadvantages of 
particular cropping systems (see Page and Willard, 1946; Clement and 
Williams, 1958; Robinson and Jaques, 1958; Low et aI, 1963; Cotching et 
aI, 1979; Ross and Hughes, 1985). However, it is difficult to draw 
specific predictions or advice from most of the other references. 
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Some authors have offered specific advice on the basis of their 
results; for example, Low et al (1963) suggested that a two year ley in 
five may not be adequate to maintain a satisfactory level of water-
stable aggregates on the unstable sandy soil at Jealott's Hill, England. 
In an earlier paper, Low (1955) remarked that in general, three to four 
years were insufficient to restore old arable land to the structural 
condition of old grassland. He thought that up to 50 years would be 
required on some clay soils with five to ten years being necessary on 
coarse sandy soils. However, Clement and Williams (1958) found little 
evidence of any interaction between soil texture and the stabilising 
influence of a ley. Whatever the case, there is no indication that 
arable soils need to be restored to the structural condition of old· 
grassland before conditions for intensive cropping are once again at an 
optimum. 
It must be noted that non-structural benefits from grass and/or 
legume crops have also been reported (Lewis et aI, 1960; Agricultural 
Advisory Council, 1970; Russell, E.W., 1973). Williams (1959) showed 
that there was actually little evidence of a direct influence of 
improved soil structure under grass leys on the growth and yield of 
following crops. Indeed, the effect of some leys on yields of following 
c~ops has been shown to be largely due to changes in available soil 
nitrogen (Williams, 1960; Clement, 1975). 
2.3 REASONS FOR CHANGES IN SOIL STRUCTURE 
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Whilst the precise causes of changes in soil structure remain~ 
unclear, the changes sometimes (but not always) correlate with changes 
in soil organic matter content (Hamblin and Davies, 1977). Grass and/or 
legume cropping systems have been known to return larger quantities of 
organic matter to the soil than arable cropping systems (Garwood et aI, 
1972; Whitehead et aI, 1975). There is also much evidence to suggest 
that the stability and formation of soil aggregates is influenced by 
certain components of the soil organic matter and their interaction with 
specific inorganic components (Martin et aI, 1955; Harris et aI, 1966; 
Kemper and Koch, 1966; Swincer et aI, 1969; Greenland, 1971; Giovannini 
and Sequi, 1976; Hamblin and Greenland, 1977; Tisdall and Oades, 1980b; 
Douglas and Goss, 1982; Chaney and Swift, 1984; Stengel et aI, 1984; 
Cheshire et aI, 1984). 
However, differences in soil structure under contrasting cropping 
systems probably do not come about simply through changes in the 
addition of organic matter. Different crops may require different 
management and the many other factors (such as tillage and earthworm 
activity etc.) that are known to change soil structure are themselves 
affected by changes in management. It is not easy to assess or 
characterise precisely the mechanisms responsible for the influence of a 
cropping system on soil structure. 
22 
A major limitation of the references in Table 2.1 is that very few 
field experiments were specifically designed to isolate and characterise 
the effects of the major processes known to change soil structure. Most 
field experiments measured the integrated result of many interacting 
processes such as tillage, crop and soil type and various climatic 
factors; little is known about the relative importance of these factors 
or the complex interactions between them. 
One of the possible outcomes of the points raised in the above 
paragraph is the conflict that appears in the literature as to the 
relative restorative properties of individual grass species. For 
example, some workers have shown that perennial ryegrass is associated 
with highest percentages of water-stable aggregates (Clement and 
Williams, 1958; Troughton, 1961b). Others have found the percentage of 
water-stable aggregates under perennial ryegrass to be inferior to that 
under timothy (Pringle and Coutts, 1956) or under cocksfoot (Barley, 
1953). Still others have found little difference between the 
restorative properties of cocksfoot or perennial ryegrass (Robinson and 
Jaques, 1958). Perhaps what was being treated as an effect on soil 
structure of one crop species was actually an effect of a grass/clover 
mixture (see for example, Barley, 1953; Clement and Williams, 1958). In 
any case, the difference between the effects of individual grass species 
may be small compared to the effects of continuous arable tillage/ 
cultivation on soil structure. 
Arable cropping is generally considered to be harmful to soil 
structure and it has been suggested that arable crops themselves are 
responsible for this (Page and Willard, 1946; Reid and Goss, 1981). A 
further disadvantage in having field experiment results expressed as an 
integrated result of many interacting processes is that tillage might 
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have masked any effect of an arable crop itself. Allison (1973) pointed 
out that an improvement in aggregation was not a benefit realised 
exclusively from sod crops (like grass leys), but that aggregation 
tended to reach a maximum under such crops. In Australian cereal 
growing areas, cereal roots have actually been thought to promote a 
moderate degree of aggregation (Clarke and Russell, 1977). It does not 
seem to have been conclusively shown that arable crops themselves are 
detrimental to soil structure in the field. 
The only direct way of comparing the effects on soil structure of 
a grass and/or legume crop with those of other crops is to design field 
experiments where different crops are grown on the same soil, in the 
same season and with identical management. 
2.4 THE NEED FOR PREDICTION OF CHANGES IN SOIL STRUCTURE 
Farmers in particular need to know whether continued arable 
cropping of their land may lead to difficulties caused by deteriorating 
soil structure and whether they must improve soil structure by adding 
more organic matter than is left by the normal crop residues (Cooke, 
1967). They need to know how much soil damage will be done by 
agricultural machinery and the best ways of minimising it. Furthermore, 
farmers need to know which soils are best able to maintain fertility 
under monocropping and where rotational cropping is necessary for weed, 
disease and pest control (Davies, 1982). Although we may be well aware 
of the factors causing soil structural damage and the methods needed for 
improving or avoiding poor soil structure (Greenland, 1977; Boekel, 
1982), to be able to predict how a soil behaves under different cropping 
systems would be a great advantage. 
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During the last 30 years, there have been many attempts to 
increase the efficiency of farming in temperate areas, including New 
Zealand. This has intensified the need for prediction of changes in 
soil structure. Mixed livestock and arable farming systems have now 
seen a greater separation because they have become economically less 
viable in combination (Johnston, 1982). Increases in the use of heavier 
and more powerful machinery have also saved both labour and time. 
Whilst these developments may be improvements in the short-term 
economical sense, there is little doubt that they are related to major 
causes of soil structural deterioration (Boekel, 1982). 
The recent breaking away from the traditional method of tillage is 
of great importance. It is only since the second world war that these 
traditions have been seriously questioned (Allen, 1981). The 
development of modern methods of management such as chemically-assisted 
minimal tillage for cereals and reduced cultivations for many other 
crops has enhanced the importance of soil compaction and methods of 
avoiding it. However, when these modern methods of management are 
introduced, the level of some soil physical conditions may be close to 
values that can be considered near the threshold for satisfactory plant 
growth. There is therefore a further need to be able to predict changes 
in soil structure under different cropping systems. 
New Zealand must use its arable land resource very carefully. 
Only about 2% of the total land area is presently being used for arable 
production compared to 29% and 21% in the United Kingdom and United 
States of America respectively (Dunbier, 1983). However, research on 
soil structure in New Zealand has been very limited and there is a lack 
of relevant information on how soil structure changes under different 
cropping systems. Moreover, there have already been a few reports of 
deteriorating soil structure (Packard and Raeside, 1952; Gradwell and 
Arlidge, 1971; Hughes and Baker, 1977; Cotching et aI, 1979). Despite 
these reports, some cultivation practices have maintained a suitable 
structure for intensive cropping (Marshall, 1972; Ross and Cox, 1981; 
Ross and Hughes, 1985). 
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Whilst there has been a trend for farms with structurally sound 
soils to move towards specialised intensive cropping systems (Collie and 
Dougherty, 1973), mixed crop and livestock farming is also extensively 
practised in certain areas of New Zealand like Canterbury (Frengley, 
1983). The introduction of minimal tillage systems (with the absence of 
any agronomic yield disadvantages) has also favoured mixed crop and 
livestock farming and might be expected to be beneficial to soil 
structure. However, in the long term, only in rare cases should land 
with the potential for crop production be used for animal-based 
agriculture (Dunbier, 1983). Soil structure might become an important 
limiting factor in crop production on some of the more poorly structured 
soils in New Zealand. 
It could be argued that one of the reasons why soil structure has 
been infrequently reported as being limiting to crop production in New 
Zealand is simply because it is not. Although many of New Zealand's 
farming systems are the result of direct technological transfers from 
the Northern Hemisphere, this does not mean that identical soil 
structural problems will occur. Great caution should be taken in 
assuming that 'most of the structural differences reported in Table 2.1 
(which were mainly reported abroad) would have occurred or will occur in 
a New Zealand situation. 
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To assist prediction, there is a need for experimental work which 
examines critically how soil physical factors and processes are changed 
under different cropping systems and how crops respond to these changes. 
As Ehlers (1984) suggests "we have to adopt and apply much more the 
mathematical-quantitative approach which characterises modern soil 
physics. We have to quantify not only the static properties of the soil 
but also the dynamic processes which in turn influence the dynamics of 
root growth and plant development". 
2.5 CONCLUSIONS 
The overall objective of using a particular cropping system is to 
ensure that viable, economic yields from crops are obtained. The 
production of these crops must not lead' to soil changes which prevent 
yields from continuing to be viable and economic. To help meet this 
objective, it is becoming increasingly necessary to be able to predict 
the effects of various cropping systems on soil physical properties and 
ultimately crop yield. 
At present, there is much empirical information available 
concerning qualitative aspects of changes in soil structure under 
different cropping systems. It is difficult to arrange this information 
into an overall pattern to facilitate specific predictions or advice. 
Much of the available information also has its origins outside New 
Zealand and may not be appropriate to this country. 
A model of changes in soil structure potentially has two main 
applications: 
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1. It could be useful to farmers and their advisors when they are 
choosing a production system for a given site. 
2. It could help in the identification of priority areas of soil 
structure research, so that the uncertainties associated with new 
systems of management could be more easily assessed (see also 
Larson and Osborne, 1982). 
In order to progress towards a mathematical model of changes in 
soil structure, firstly it is necessary to arrange in a systematic way, 
what is known about the processes that influence such changes. Such an 
arrangement may be termed a 'conceptual model'. Secondly, it is 
necessary to set up field experiments with appropriate treatments that 
can help to isolate and assess the relative importance of the many 
possible processes influencing changes in soil structure under different 
cropping systems. The results from such experiments might suggest the 
most profitable direction and intensity of the further research needed 
to develop the conceptual model into a mathematical model which can 
eventually be used for prediction. 
2.6 STATEMENT OF OBJECTIVES 
On the basis of the preceeding discussion, the following 
objectives were defined: 
1. To devise and test a conceptual model to help understand the 
I 
i nat.ure and causes of changes in soil structure under different 
:cropping systems used on Canterbury soils with small shrink/swell 
. potentials. 
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2. To conduct field experiments to observe whether an effect of 
different crops per se on soil structure can be distinguished from 
the effects of management. 
3. To use the conceptual model to isolate and assess the relative 
importance of several processes influencing changes in soil 
structure in the above field experiments. 
CHAPTER THREE 
DEVELOPMENT OF A CONCEPTUAL MODEL OF CHANGES IN SOIL STRUCTURE 
UNDER DIFFERENT CROPPING SYSTEMS 
3.1 INTRODUCTION 
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In Chapter Two, it was concluded that prediction of changes in 
soil structure would be desirable for efficient management of cropping 
systems. There is already a great amount of published information on 
differences in soil structure under many different cropping systems; 
even so, it is still not possible to use this information to predict 
changes in soil structure that will occur under the many different 
combinations of soil type, crop, management and climate. Accurate 
prediction of changes in soil structure may only be possible if models 
can be used to describe the soil/plant system. Osborne (1984) suggested 
that an 'agrophysical index' for soil management could even be developed 
which could be derived from simple measurements made by farmers. 
Models of varying degrees of complexity already exist for many 
soil physical processes, such as water movement in soil (Clothier et aI, 
1977; Ehlers, 1977; Hillel, 1980b; Germann and Bevan, 1981b; Bouma et 
aI, 1982), air movement in soil (Ball, 1981a) and infiltration of water 
as governed by the pore size distribution (Baker, 1979). Other models 
have been devised to statistically describe the distribution of 
aggregates and voids (Dexter, 1976; Ringrose-Voase and Bullock, 1984). 
A modelling approach has also been used to quantify the turnover of soil 
organic matter (Jenkinson and Rayner, 1977; Hart, 1984). In addition, 
static descriptions of the relationship between soil organic matter and 
water-stable aggregates have been presented by Emerson (1959), Edwards 
and Bremner (1967) and Tisdall and Oades (1982). 
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Some soil physical processes have been incorporated into models 
which help to describe root growth (Dexter, 1978a; Gerard et aI, 1982; 
Hewitt and Dexter, 1984b). Other empirical models have been used to 
describe root systems in relation to water usage and nutrient 
availability (see Nye and Tinker (1977) for review). However, models 
which describe structure-related effects on the soil (such as tillage) 
have been rarely incorporated into combined models involving soil 
physical properties and plant growth (Larson and Osborne, 1982). Only 
recently has progress been made in this direction (Whisler et aI, 1982; 
Huck and Hillel, 1983). Moreover, there is a lack of models which 
predict changes in soil structure, although modelling approaches have 
been used to predict the consequences of deliberately-imposed structural 
differences (Kral and Hawkins, 1982). 
The aim of this chapter is to describe a conceptual model of 
changes in soil structure under different cropping systems. The model 
is mechanistic and uses the state-variable approach (De Wit, 1982). This 
approach assumes that the state of each system at any moment can be 
quantified and that changes in the state can eventually be described 
mathematically. The present intention is for the model to provide a 
satisfactory framework for interpretation of experimental results and 
the assessment and characterisation of processes that change soil 
structure. It is realised that the model must not be so complicated 
that further mathematical or conceptual development is prohibited. 
3.2 GENERAL APPROACH 
At the present state of model development, the model is not 
designed for soil with appreciable swell/shrink potential, where fauna 
other than earthworms have an appreciable effect on soil structure, or 
where significant freezing of the soil occurs. 
The model concentrates on the creation and destruction of soil 
macropores because macropores strongly influence root growth and are 
crucial for air and water transmission (Barley, 1954; Russell, E.W., 
1971; Cary and Hayden, 1973; Russell, R.S. and Goss, 1974; Russell, 
R.S., et aI, 1975; Greenland, 1977; Sequi, 1978; Goss and Reid, 1981; 
Germann and Beven, 1981a; Scotter and Kanchanasut, 1981; Klute, 1982; 
Goss et aI, 1984; Fitzpatrick et aI, 1985). 
Some confusion exists over the definition of a macropore. For 
transmission purposes, definitions include pores with an equivalent 
diameter> 50 ~m (Greenland, 1977; Douglas et aI, 1980/81), > 60 ~m 
(McDonald, 1961; Bullock and Thomasson, 1979) and> 30-60 ~m (Russell, 
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R.S. et aI, 1975). For root growth purposes, macropores may be defined 
in relation to the root diameters of agricultural crops. Pores of 
200 ~m in diameter have been considered necessary for satisfactory root 
elongation by Williams and Cooke (1961). B.W. Russell (1971) suggested 
that some grass roots may penetrate pores as small as 100 ~m. In this 
model, macropores are defined as planar voids or channels greater than 
100 ~m in equivalent diameter. The amount of macroporosity will be 
d ' db h b IE (' , f 3 I 3 ttl eSlgnate y t e sym 0 100 In unlts 0 cm pore vo ume per cm 0 a 
soil volume). Two reasons justify the selection of pores> 100 ~m: 
I· , 
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1. Pores> 100 ~m are most readily lost when soil is compacted 
(Schurrman, 1965; Russell, R.S. and Goss, 1974). 
2. The root diameters of the majority of agricultural crops are 
greater than 100 ~m (Goss and Reid, 1981), with pores between 
100 ~m and 1000 ~m often being produced by crop roots (Tippk6tter, 
1983). 
Processes recognised in the model that create macropores are 
tillage, the action of root growth and decomposition and the activity of 
earthworms. Processes that destroy macropores (generally the action of 
climate and soil compaction) are moderated by the level of macropore 
stability. In addition, macropores may be lost temporarily through 
blockage by roots. Most of the processes that create or destroy 
macropores are time dependent. Soil water content is envisaged as being 
very important; it controls crop activities, macropore collapse or 
blockage, ease and success of tillage as well as microbial and earthworm 
activities. 
It is intended that eventually the model could be used to describe 
changes in E100 throughout the soil profile. However, because of marked 
vertical variability in most of the processes described, at first it is 
necessary to confine application of the model to a particular region, 
say part of the A horizon, where vertical variability can be ignored to p 
an approximation. 
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3.3 HODEL ASSUMPTIONS 
In order to keep the model to a manageable size at this stage of 
development, a number of assumptions have been made: 
1. Crop nutrition remains satisfactory. As the model is dealing 
primarily with physical effects, it is important that initially at 
least, it is not complicated by nutrient supply considerations. 
2. Soil temperature effects are not included explicitly. Although 
this is an over-simplification, detailed consideration of soil 
temperature is considered more appropriate for mathematical 
developments of the model. 
3. Soil shrinkage is small. Thus the model in its present form would 
not be suitable for some soils with large clay contents. 
Fortunately, marked shrinkage on draining is unusual for most New 
Zealand soils (McDonald and Julian, 1965; Gradwell, 1978). 
4. Compaction by animals and machines not involved with tillage 
operations is negligible. 
3.4 HODEL STRUCTURE 
The model is summarised in Figure 3.1 (a handout is also available 
in the pocket at the back of this thesis). It contains nine state 
variables, two of which are agencies external to the soil (tillage and 
climate). Six of the state variables are shown to have a direct 
influence on macroporosity. Most of the state variables (e.g. climate 
Soil Water 
Content,8v 
Earthworms 
Crop f(ET)-~ Canopy 
t{GAI,MS) Living 
Roots 
Macroporosity ) 
f (av,ET/Eo,t (E 100) 
Dead 
Roots 
Soil Organic t{ av , t)----t Matter L,H 
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Figure 3.1: Conceptual model of changes in soil structure under different 
cropping systems. f, function; ET, actual evapotranspiration 
(mm d-1); Eo' potential evapotranspiration (mm d- 1); GAl, 
green area index (m2 m-2); 8 , soil water content (cm3 cm-3); 
v 
E100 , pores >100 ~m in diameter (cm3 cm-3); MS, macropore 
stability; t, time (days); L, light fraction (g m-2); 
H, heavy fraction (g m- 2). 
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and soil organic matter) are in fact composite variables. Similarly 
time (t) is composite in the sense that for some processes it may be 
best expressed in days or even seconds (i.e. 'seasonal time'), but for 
other processes, developmental time may be more appropriate. 
3.4.1 Crop growth and death 
This section discusses crop growth and death. These are 
represented by the following pathways: 
1. Climate to crop canopy. 
2. Crop canopy to living roots. 
3. Living roots to dead roots. 
4. Crop canopy to soil organic matter. 
The term 'crop canopy' as used here refers to both shoot dry 
matter and green area index (GAl) which itself is used to represent the 
amount of crop cover. Direct relationships between GAl and crop cover 
have been established (Monteith, 1965; Husain, 1984), although these 
relationships may vary with the foliage characteristics of different 
crops. 
The growth of the crop canopy is described simply as a function of 
actual evapotranspiration (ET). Many workers have shown that crop 
growth (in terms of dry matter production) is linearly related to ET 
(Day et aI, 1978; Krogman et aI, 1980; Hanks, 1983; Ritchie, 1983). ET 
is regarded as a function of potential evapotranspiration (E ), soil 
o 
water content (9
v
) and the amount and distribution of living roots. 
36 
ET can be predicted quite readily using empirical relationships between 
ET, Eo and e
v 
(McAneney and Kerr, 1984). 
If the ratio of ET/E becomes less than unity, the shoot system 
o 
may be considered to be under water stress. Such situations may be 
improved by rain, irrigation or the crop sending new roots into wet 
soil. Growth of the root system is dependent upon the size of the crop 
canopy and is modified by ET/E
o
' e
v 
and t (Huck and Hillel, 1983). In 
this case t represents both developmental and seasonal time. 
The pathways of root and shoot death are also described as a 
function of ET/E
o
' e
v 
and t (Huck and Hillel, 1983). If the ratio of 
ET/E becomes appreciably less than unity for too long, then the whole 
o 
plant dies. The effect of water stress may depend upon the 
developmental stage of the plant (Dougherty, 1973). Once again, t 
represents both developmental and seasonal time. 
The concept of using the ratio of ET/E has been much discussed in 
o 
crop modelling work, especially in relation to water use (Dougherty, 
1976; Ritchie, 1972,1981). Nevertheless, it is difficult to find 
published crop growth models that take into account root and shoot death 
in a manner suitable for use here. 
3.4.2 Root effects on macroporosity 
3.4.2.1 Living roots 
Roots cannot reduce their diameter to penetrate fine 
pores (Wiersum, 1957; Taylor and Gardner, 1960; Russell, R.S. et aI, 
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1975; Goss, 1977). They must therefore grow into existing pores larger 
than the root diameter, enlarge smaller pores or create entirely new 
pores. Enlarging pores or creating new pores often necessitates the 
compaction of soil immediately around the root and may markedly reduce 
root extension rate (Barley, 1954; Greacen et aI, 1968; Goss, 1977). 
Assuming that existing pores offer little mechanical resistance to 
enlargement, roots will continue to grow into them '(Russell, R.S. and 
Goss, 1974). 
Roots also appear to grow preferentially into macropores if they 
are suitable and accessible for root exploration (Nye and Tinker, 1977; 
Russell, R.S., 1977; Ehlers et aI, 1983; Whiteley and Dexter, 1983). In 
the model developed here, living roots are therefore seen to change E100 
not only by blocking existing macropores, but also by creating and 
initially blocking new macropores. There is much evidence to suggest 
that blockage of pores by roots can greatly influence soil transmission 
properties (Barley, 1953,1954; Sedgley and Barley, 1958; Green and 
Fordham, 1975). However, Wiersum (1961) cautioned that the 
characteristics which made a pore suitable for root penetration might 
not necessarily make that pore suitable for air or liquid transmission. 
The model suggests that the change in E100 caused by living roots 
can be described as a function of E100 ,itself and ev• E100 represents 
antecedent macroporosity, that is, the amount of existing pores wider 
than the minimum root diameter and which can be freely penetrated. 
Whether or not a root can expand a pore depends chiefly on the 
strength of the soil (Barley and Greacen, 1967; Russell, R.S. and Goss, 
1974; Taylor, 1974; Dexter, 1979). For any particular soil, e is 
v 
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generally the principal factor which governs the effect of soil strength 
on root growth (Barley and Greacen, 1967; Hamblin and Tennant, 1979; 
Whiteley and Dexter, 1982; Ball and O'Sullivan, 1982; Ehlers et aI, 
1983;). The size of e therefore strongly influences the ease with 
v 
which roots may expand pores < 100 ~m in effective diameter. The 
importance of antecedent macropores and the effect of e on soil 
v 
strength and root growth has been well illustrated by Ehlers et aI, 
1983. 
At this stage of model development, the amount of living roots is 
best measured for each situation being described. Further development 
would require that root growth is predicted in the model. There are 
already mechanistic models which describe root growth on the basis of 
crop water relations (Huck and Hillel, 1983). Simple empirical models 
also exist (Gerwitz and Page, 1974; Greenwood et aI, 1982). However, 
empirical models give no indication as to why roots adopt a particular 
distribution in the soil. More sophisticated models might include 
penetration resistance which is commonly measured by penetrometry (Ellis 
et aI, 1977; Hodgson et aI, 1977; Hamblin and Tennant, 1979; Ehlers et 
aI, 1983; Braim et aI, 1984; Groenevelt et aI, 1984). Unfortunately, 
such measurements give little direct information on the ease with which 
fine pores can be enlarged, nor on the continuity of channels freely 
accessible to plant roots (Russell, R.S. and Goss, 1974). 
The work of Dexter (1978a) is relevant here for those interested 
in mathematical modelling because it combines a method of defining soil 
macrostructure with a model for the probability of a root either 
penetrating, or being deflected by an aggregate, after passing through a 
void. Considerable recent work has focused on the behaviour of roots 
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growing in soil (Whiteley and Dexter, 1983; Hewitt and Dexter, 1984a; 
Whiteley and Dexter, 1984a,b). Hewitt and Dexter (1984b) suggested that 
ultimately it will be possible to develop useful models of the effects 
of soil structure and strength on root development and crop yield. 
3.4.2.2 Dead roots 
The present model suggests that a change in E100 can be 
expected when roots die and their channels are freed by root 
decomposition. There is then the possibility that such channels might 
not only be available for root growth of a subsequent crop, but also 
available for movement of water through the soil (Clarke et aI, 1967; 
Russell, E.W., 1975; Russell, R.S. et aI, 1975; Goss and Reid, 1981). 
For example, Barley (1954) showed that saturated hydraulic 
conductivity was significantly decreased by pore blockage as roots grew, 
but .was subsequently increased as the roots decomposed and root channels 
were freed for water movement. However, there was no similar increase 
in a later experiment using measurements of unsaturated hydraulic 
conductivity because the channels formed by decomposition of ryegrass 
roots were too wide to contain water at the matric potential used when 
making the measurements (Sedgley and Barley, 1958). Thus channels 
created by dead roots may be important to water movement only under 
.saturaterl or near saturated conditions. 
Dead intact roots themselves have also been thought to contribute 
to water conduction (Emerson, 1954). Such effects may be small compared 
with the increased conductivity from decomposed roots (Barley and 
Sedgley, 1959). 
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The effects of root decomposition on the hydraulic properties of 
field soils are poorly documented. There is little published 
information concerning how long roots live in the field, how long it 
takes for dead roots to free macropores and how significantly root 
channels affect water movement and subsequent root growth. 
In the present model, the decomposition of a root is considered to 
be a function of e
v 
and t. Evidence for this relationship is based upon 
the observation that microbial activity is strongly influenced by 
changes in e (Clarke, 1967; Doran, 1980; Orchard and Cook, 1983). Dead 
v 
roots are also considered as a component of soil organic matter and a 
substrate for such microbial activity: 
Information concerning the time taken for dead roots to decompose 
is scarce, although decomposition rates for whole plant material may be 
predicted with reasonable confidence if they follow classic exponential 
decay. For example, Jenkinson and Rayner (1977) measured a half-life of 
0.17 years for decomposable plant material in the field. Hart (pers. 
comm., 1985) predicted a half-life of 0.18 years for decomposable plant 
material under Canterbury conditions. Although not quoting a half-life, 
Jenkinson (1977a) measured that a third of added plant carbon remained 
in laboratory soil after 0.42 years, about as much as when the same 
plant materials were incubated in the same soils for six months in the 
field. Some plant materials have a much longer half-life; figures 
varying from two to eight years have been recorded under temperate 
climates (Shields and Paul, 1973; Jenkinson and Rayner, 1977). 
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3.4.3 Tillage 
Tillage is any physical manipulation of soil that changes 
its structure, strength or position in order to improve conditions for 
crop production (Marshall and Holmes, 1979). It has been shown to 
affect soil pore space by' its direct mechanical action with resultant 
effects on soil transmission properties and root growth (Barber, 1971; 
Finney and Knight, 1973; Baeumer and Bakermans, 1973; Ehlers, 1977; Goss 
et aI, 1978; Ellis and Barnes, 1980; Ball, 1981b; Klute, 1982; Lindstrom 
and Onstad, 1984). Tillage is also known to have other indirect effects 
on certain biological components of the soil (Rovira and Greacen, 1957; 
Barley, 1959a; Low, 1972; Barnes and Ellis, 1979; Douglas and Goss, 
1982; Tisdall, 1985) which in turn may influence soil physical 
processes. 
Here, tillage is assumed to directly affect macroporosity by 
mechanical rearrangement of the soil; it is also assumed to indirectly 
affect macroporosity via its effects on soil organic matter which may 
control earthworm population levels and the stability of macropores. 
The direct effect of a given tillage operation on macroporosity is 
presented as a function of both the antecedent E100 , and ev which 
strongly influences soil consistency and compressibility. The size of 
e has been shown to have important consequences in tillage operations 
v 
(Allmaras et aI, 1967; Archer, 1975; Boekel, 1979; Koolen and Kuipers, 
1983; Kuipers,1984). For example, tillage implements and tractor wheels 
can be expected to smear and compact a soil readily if it is wetter than 
its plastic limit, but below the limit it may behave as a friable 
material (Marshall and Holmes, 1979). When a soil is in the hard 
consistency range, tillage operations may produce clods and dust 
(Archer, 1975). 
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Allmaras et al (1967) demonstrated that antecedent total porosity 
before tillage operations was (in conjunction with e
v
) also related to 
the magnitudes of total porosity increases caused by such operations. 
For simplicity, E100 rather than total porosity is used in this pathway 
of the model on the assumption that E100 will be simply related to total 
porosity (i.e. any change in total porosity is mirrored by a change in 
E100). This assumption is justified in Section 7.4.3. Clearly, if the 
antecedent E100 is large before tillage, then tillage may not further 
increase E100 . Indeed some tillage operations may decrease E100 if the 
soil conditions are unsatisfactory. 
It is frequently assumed that tillage also causes a loss of soil 
organic matter through increased microbial respiration and there is 
considerable evidence to· support this. Rovira and Greacen (1957) 
reviewed the general mechanisms involved in soil organic matter loss 
under tillage and demonstrated in laboratory experiments that even mild 
tillage stimulated microbial activity. Three reasons were suggested for 
this: improved aeration, better distribution of bacteria and fungal 
hyphae and exposure of occluded organic matter to microbial attack. All 
these changes may have led to a decrease in the soil structual 
stability. Tisdall et al (1978) also reported that simulated tillage 
decreased the stability of soil aggregates of a fine sandy loam. Their 
results suggested that severe restriction of microbial activity (e.g. if 
the soil remained dry after tillage) increased the net effect of the 
physical disruption. 
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In the present model, it is suggested that the effect of tillage 
on soil organic matter can be described as a function of E100 , 9v and t, 
where t represents seasonal time. Soil water content has already been 
shown to be important in governing microbial activity (Clarke, 1967; 
Doran, 1980; Orchard and Cook, 1983). E100 is included because the 
amount of macroporosity after tillage would govern not only the 
potential level of soil aeration (in conjunction with 9 ), but also the 
v 
iamount of pore space < 100 ~m, some of which may be fine enough to 
! 
I [occlude soil organic matter from the soil microbi~l population. 
Any effect of tillage on the amount of soil organic matter will 
also change the soil consistency. In general, liquid and plastic limits 
increase with soil organic matter content (Marshall and Holmes, 1979). 
Therefore the extent of disruption by tillage (as governed by 9
v 
and 
E100) will change as the level of soil organic matter changes. 
3.4.4 Earthworm populations and activities 
~any of the effects of earthworms on soil physical 
properties can be interpreted in terms of a change in pore size 
distribution (Syers and Springett, 1983). Earthworm channels have been 
suggested to greatly influence processes such as saturated hydraulic 
conductivity (Douglas et aI, 1980/81), root growth (Edwards and Lofty, 
1978,1980) and water infiltration (Stockdill and Cossens, 1969; Ehlers, 
1975; Scotter and Kanchanasut, 1981; Bouma et aI, 1982; Springett, 
1985). 
Little quantitative information is available on the construction 
and longevity of earthworm channels. Experiments involving earthworms 
have tended to concentrate on population dynamics (Low, 1972; Edwards, 
1975; Ellis et aI, 1977; Barnes and Ellis, 1979; Lofs-Holmin, 1983; 
Edwards and Lofty, 1982; Clutterbuck and Hodgson, 1984), and rarely 
yield quantitative information on earthworm channelling. Studies which 
have specifically examined the effects of earthworms on some soil 
physical properties include Evans (1948), Barley (1959c), McColl et al 
(1982) and Springett (1983,1985). 
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The model suggests that the creation of macropores by channelling 
of a given earthworm population can be described as a function of the 
size of e
v
' and t which represents both seasonal and developmental time. 
Soil water content and seasonal time are both known to affect the 
aestivation characteristics and vertical distribution of earthworms 
(Barley, 1961; Edwards and Lofty, 1977). For example, Evans and Guild 
(1947, cited in Edwards and Lofty, 1977) showed that earthworm activity 
(as measured by the production of earthworm casts) followed a seasonal 
pattern and fluctuated with e. Barley (1959a) estimated that 
v 
earthworms were active for 24 weeks of the year in an Australian climate 
and that they aestivated at 15-60 cm soil depth. 
The soil water content may also influence earthworm channelling 
through its effect on soil strength. Although Dexter (1978b) reported 
that channelling by Aporrectodea caliginosa (formerly Allolobophora 
caliginosa) through compressed soil samples was independent of soil 
strength (over the range of 0.3 to 3 MPa) when the soil was at a matric 
potential of -100 cm, this result may not be reliable for soils at 
different matric potentials. 
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The pathway that creates macropores by earthworm channelling might 
also include antecedent E100 and soil organic matter content as 
governing factors. Certain earthworm species are known to have 
permanent burrow systems (Edwards and Lofty, 1977) which would suggest 
that if a satisfactory burrow system already existed, no further 
channelling would occur. Lance (pers. comm., 1985) observed in the 
laboratory that certain earthworm species may move preferentially 
through existing channels rather than create new ones and has suggested 
that this may be very dependent upon the amount of available food in the 
soil. Published evidence supporting this observation seems to be 
lacking. The real pathway is likely to be more complex than the model 
suggests. However, the present simple approach may still prove adequate 
if detailed mathematical formulation of the model is attempted. 
Soil organic matter is often the single most important factor 
governing the size of earthworm populations (Satchell, 1967; Lofs-
Holmin, 1983). Established grassland is well known to possess greater 
earthworm populations than continuously tilled land (Barley, 1959a; 
Edwards and Lofty, 1977) and a decline in population may begin soon 
after grassland is ploughed up (Low 1972; Russell, E.W., 1973). 
Whilst a shortage of soil organic matter is largely responsible 
for decreased earthworm populations in arable soils compared with 
grassland (Edwards and Lofty, 1982), lack of a crop protecting the soil 
surface from drought may also contribute (Lofs-Holmin, 1983). Both 
effects may be analysed using this model. 
In the model, the effect of soil organic matter on earthworm 
populations is suggested to depend on e and t. Once again, t 
v 
represents both seasonal and developmental time because the state of 
earthworm maturity is naturally important to both population dynamics 
and activities. The importance of e to earthworm populations is 
v 
suggested indirectly by the observed effects of rainfall (Barnes and 
Ellis, 1979; McColl, 1984). 
Finally, no distinction has been made at this stage between 
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different earthworm species despite the knowledge that different species 
have different channelling habits (Springett, 1983). It is difficult to 
see how the activities of different species can be identified in the 
model until more detailed information on earthworm channelling becomes 
available. 
3.4.5 Climatic effects 
The climatic inputs considered most appropriate for the 
model are rainfall and potential evapotranspiration (E). E is a 
o 0 
function of vapour pressure deficit, net radiation, wind speed and crop 
-Ie 
cover (Ritchie, 1972). The model suggests that the climate not only has 
a direct influence ~n macroporosity but also an indirect influence via 
e. Both pathways primarily involve the ability of macropores to 
v 
withstand collapse or blockage under the action of water. Pore blockage 
and collapse (especially in the stages immediately following tillage 
operations) may be particularly pronounced in some soils (Baker, 1979; 
Hamblin, 1982; Dexter et aI, 1983; Ojeniyi and Dexter, 1983). 
The stability of macropores in a climatic sense is particularly 
concerned with the ability of soil to withstand the impact of rainfall 
(or irrigation). A common cause of pore blockage is for dispersed or 
slaked material to be washed into the soil profile under high rainfall 
also a fUnction of air 
. I 
temperatu_r.el 
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(Marshall and Holmes, 1979). Deeper in the soil profile, the whole 
system of soil particles may move into a closer packing on wetting 
(Russell, E.W., 1971) and dispersion or swelling of clay in the presence 
of water may also cause aggregate breakdown (Hillel, 1980b). McIntyre 
(1958) observed that the permeability of a surface crust (formed by fine 
particles blocking pores on the immediate soil surface) could be 2000 
times less than the permeability of the soil layer immediately below the 
crust. 
The damage due to rainfall can be partly controlled by the extent 
of c~op cover. For example, Barley (1953) reported that a lucerne-
dominant pasture exposed a larger proportion of bare ground than a co-
dominant grass/clover pasture and that this greater exposure of bare 
ground was thought responsible for a smaller infiltration rate. Crop 
cover has also been suggested to prevent the disruption of aggregates by 
the direct impact of raindrops (Ojeniyi and Dexter, 1983). Furthermore, 
relationships have been presented showing soil macrostructure parameters 
as functions of cumulative rainfall after tillage (Dexter et aI, 1983). 
At this stage of development, the model does not take into account 
erosion or freezing and thawing cycles. In particular, frost action may 
cause temporary increases in soil pore space under certain climates 
(Kuipers and Ouwerkerk, 1963; Osborne et aI, 1979). 
The model suggests that the effects of climate on macroporosity 
are governed by the stability of the macropores themselves (macropore 
stability, MS) and green area index (GAl) as an index of crop cover 
(Section 3.4.1). Macropore stability is a term which is discussed in 
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more detail in Section 3.4.7. The direct effects of climate become very 
relevant when tillage operations are carried out, as unprotected bare 
soil may be exposed during the winter months when rainfall may be at its 
greatest. 
Unless irrigation is applied, soil water is mostly replenished by 
rainfall. In the model, GAl influences the net amount of rainfall 
received at the soil surface and its kinetic energy because of 
interception by the crop canopy (Marshall and Holmes,1979). In 
addition, GAl exerts an important influence on ET (Ritchie, 1972) which 
itself adjusts e . 
v 
Soil water content and changes in soil water content are suggested 
to directly influence macroporosity due to slumping of the soil. It is 
suggested that antecedent E100 and MS are the two most likely factors 
governing this process. The likelihood of slumping occurring and its 
extent probably increase with increasing antecedent E100 and decreasing 
MS. It is possible that wetting and drying cycles may increase E100 , 
especially in clay soils which may shrink and crack on drying (Loch and 
Coughlan, 1984). This is not dealt with at this stage. 
3.4.6 Soil organic matter 
Soil organic matter has so far been discussed as a single 
substance rather than as a complex material containing many different 
fractions. The model re,cognises only two soil organic matter fractions; 
the litter or light fraction (L) and the humified or heavy fraction (H). 
Crop residues are assumed to enter straight into the light fraction. For 
simplicity, all the products of decomposition are termed heavy. 
Conversion of light material into heavy material is probably dependent 
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upon seasonal time, e and the action of living roots (Jenkinson and 
v 
Rayner, 1977; Jenkinson, 1977b; Orchard and Cook, 1983; Reid and Goss, 
1982b,1983; Sparling et aI, 1982). Soil temperature effects are not 
dealt with explicitly in this conversion. 
It must be emphasised that the soil organic matter state variable 
is composite in nature and the result of many interacting processes. 
The role of soil organic matter per se has therefore been greatly 
simplified to fit into the model structure. This does not mean that 
other aspects of soil organic matter are less important, only that they 
are of peripheral interest in this model. Both the light and heavy 
fractions in the model act as energy sources for earthworms and 
influence MS. Dead roots are part of the light fraction and, as already 
mentioned, directly influence macroporosity. 
3.4.7 Hacropore stability 
In section 3.4.5 macropore stability (MS) was introduced 
to represent the ability of macropores to withstand collapse under the 
action of water. Ironically, there are no commonly used techniques for 
measuring MS in field soils. Consequently current knowledge of the 
sensitivity of MS to different factors is scant. Even when porosity 
measurements are made, the stability of the pore system is often 
neglected (Sequi, 1978). However, there is much indirect evidence to 
suggest that MS varies with the activities of living roots, earthworms, 
micro-organisms and properties of the soil mineral and organic matter 
(Robinson and Jaques, 1958; Harris et aI, 1966; Russell, E.W., 1971, 
1973; Baver et aI, 1972; Allison, 1973; Giovannini and Sequi, 1976; 
Hamblin and Greenland, 1977; Edwards and Lofty, 1977; Oades, 1978; 
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Quirk, 1978; Tisdall and Oades, 1979,1980a,b; Greenland, 1981; Reid and 
Goss, 1981,1982a,b; Reid et aI, 1982; Cheshire et aI, 1984). 
This indirect evidence comes chiefly from studies of aggregate 
stability and the assumption has to be made that macropore stability 
will be similarly influenced by the factors that influence aggregate 
stability. Indeed the intense attention focused on aggregate stability 
in earlier work had its foundation in the assumption that pores between 
aggregates would only persist when the aggregates had considerable 
stability (Greenland, 1977). Despite this assumption, even now it is 
difficult to suggest ways in which aggregate stability results can be 
related directly and quantitatively to the stability of the pore regime, 
especially when aggregate stability is measured by wet-sieving (Bruce, 
1955; Beacher and Strickling, 1955). 
Further development of the model might require that either links 
between MS and aggregate stability measurements be established, or that 
new evidence be obtained to demonstrate the influence on MS of factors 
now known to influence aggregate stability. However, the development of 
a satisfactory means to determine MS for field soils is first needed. 
These uncertainties do not prevent the model from having useful 
applications in its present form. 
Soil stabilising activities have commonly been associated with 
'* 
organic substances like polysaccharides (Martin, 1971), particularly in 
soils of low organic matter content (Hamblin and Greenland, 1977). 
Between 5% and 25% of the total soil organic matter may be in the form 
of polysaccharides (Swincer et aI, 1969), which may originate from plant 
remains and animal faeces, from gums produced by micro-organisms and 
from their cellular tissue (Oades, 1978; Cheshire, 1979). 
I *_ as - ------ - --well as with non-polysaccharide substances like humates 
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In some soils, iron and aluminium oxides and organic matter 
(including non-polysaccharide material) bonded to clay particles through 
association with iron and aluminium may also be important in governing 
soil structural stability (Giovannini and Sequi, 1976; Hamblin and 
G~eenland, 1977.; Quirk, 1978). However, amounts of extractable iron and 
aluminium in soils in the Canterbury region are nevertheless so small 
(Luke, 1968), that the effect of iron and aluminium on MS is likely to 
be negligible. 
The quantity and quality of soil organic matter are therefore 
important components of macropore stability. Organic matter without 
biological transformation has little effect on soil structure and micro-
organisms without organic materials as sources of energy are ineffective 
in aggregating soils (Baver et aI, 1972). Under many arable cropping 
systems, most soil organic matter has its origins from roots and the 
decomposition products formed on their breakdown by micro-organisms are 
well known sources of soil polysaccharides. If the soil is left 
undisturbed, then the pores created by decomposing roots may even be 
stabilised by the products of their decomposition (Russell, E.W., 1971). 
There is also evidence that living roots of certain crops are a 
source of soil stabilising agents. The release of organic matter by 
living roots has been estimated to be equivalent to 20-80% of the root 
dry weight (Whipps, 1984) and is predominantly polysaccharide in nature 
(Oades, 1978). However, the activities of living roots on macropore 
stability may go beyond a simple effect of stabilising through 
polysaccharide production. Living root activities of different 
agricultural crops have been shown to have had contrasting effects on 
aggregate stability, causing both stabilising and de-stabilising effects 
(Reid and Goss, 1981,1982a; Reid et aI, 1982). 
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Microbial activity is also responsible for the transformation of 
above-ground crop residues into soil organic matter. However, this 
tJ:'ansJoJ:"maJionl may be dependent upon the activi ty of earthworms who are 
the principal agents mixing dead surface litter with the main body of 
the soil (Russell, E.W., 1973; O'Brien, 1984). Their activity in turn 
has already been shown to be highly dependent upon a continuous supply 
of soil organic matter. Earthworm casts may also contain more water-
stable aggregates than the surrounding soil, perhaps because of bacteria 
producing stabilising material in the casts (Edwards and Lofty, 1977; 
Syers and Springett, 1983). There is thus an intimate link between the 
supply of organic matter, its decomposition and incorporation into the 
soil by micro-organisms and earthworms, and the production of soil 
aggregate and/or macropore stability agents. 
Finally, wetting and drying cycles may change the level of 
macropore stability since such cycles are known to cause changes in 
aggregate stability (Rovira and ·Greacen, 1957; Richardson, 1976; Utomo 
and Dexter, 1981). Unfortunately the model does not take into account 
freezing and thawing cycles, which may also cause changes in aggregate 
stability (Richardson, 1976). 
3.5 GENERAL DISCUSSION 
The conceptual model in Figure 3.1 is an attempt to systematically 
summarise the major processes that are known to create, destroy or block 
macropores. It should be emphasised that in the model, macroporosity is 
strongly dependent upon soil water content. Soil water content is 
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assumed to be responsible not only for controlling crop activities, but 
also the extent of macropore collapse or blockage, ease and success of 
tillage as well as microbial and earthworm activities. 
Certainly the model represents a greatly simplified approach to a 
complex problem and not all the possible factors and interactions 
between them have been considered. However, it is suggested that the 
most important processes are included. Further refinements are not 
precluded, but it is considered that the model should be tested 
practically before much more is added. 
Derivation of the model has revealed many important areas of 
uncertainty in the literature. There exists a marked need for a simple 
and realistic method to measure MS, since it is far from certain that 
changes in MS can be adequately inferred from estimates of aggregate 
stability. 
Despite the model's present simplici ty, it can still be used 
effectively. For example, it can be used to investigate the relative 
importance of the processes known to change E100 in a particular part of 
the soil profile. A budget equation form of the model can be derived: 
6E100 = Ti + Rd + Rg + EC - SS ... 3.1 
where 6E100 is the net change in E100 over a given period, Ti is the 
change in E100 due to tillage, Rd is the change due to decomposition of 
roots, R is the change due to growth of roots, EC is the change due to g 
earthworm channelling and SS is the change due to slaking and slumping. 
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To apply Equation 3.1~ ~100 could be estimated from measurements 
of E100 at the start and end of the study period. The method chosen for 
measurement of E100 would also have to be reliable, cheap and rapid. 
Many methods are available for making measurements of pore sizes 
(Lawrence, 1977). Some may require time-consuming sample preparation or 
be prohibitively expensive (Greene-Kelly, 1973; Bullock and Thomasson, 
1979; Ringrose~Voas~ and Bullock, 1984). The time needed to get a 
single value may restrict the estimation of field variability and 
changes in structure with time (Hamblin, 1982). 
E100 is probably best measured by water retention using the 
relationship of Leamer and Lutz (1940). Although this method has come 
under much criticism (Fenwick, 1965; Vomocil, 1965; De Leenheer, 1971; 
Greenland, 1977; Lawrence, 1977, Bullock and Thomasson, 1979), it is 
cheap, reliable and rapid for large numbers of samples. Limitations to 
the method apply to situations where it is used on'heavy'soils and the 
water release curve becomes a function of both pore size and structural 
collapse (Lawrence et aI, 1979; Greenland, 1981). The method is more 
appropriate for coarse-textured and sandy soils. Fortunately, marked 
-
swelling or shrinkage at [a matric potential of -30 cm needed to drain 
pores > 100 ~m would probably be unusual for most New Zealand soils 
(McDonald and Julian, 1965; Gradwell, 1978). 
In addition, cores taken for the determination of E100 are useful 
for making other Ishudure-r:elated measurements such as saturated 
hydraulic conductivity. This is an important consideration because a 
pore system cannot be adequately characterised by the use of only one 
method (Lawrence, 1977). 
Ti could be estimated by measuring E100 immediately before and 
after tillage. EC could be estimated from observations of worm channel 
numbers, diameters and lengths in the samples used to measure E100 . 
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Rd and Rg would be more difficult to estimate, since at present it is 
difficult to know the proportion of roots likely to create new 
macropores and those likely to grow into existing ones. This is a 
problem which forms the basis of some of the discussion in Chapters Four 
and Eight. Nevertheless, robust worst and best case estimates could 
still be made provided that the volumes of living and dead roots per 
unit soil volume are measured. 
Finally, SS would have to be inferred from Equation 3.1 once 
estimates of the other parameters had been entered. For maximum 
accuracy, Equation 3.1 might need to be solved for several consecutive 
periods when characterising the effect of a cropping system, especially 
when tillage is intermittent and SS can be expected to be rapid. 
Used in the manner descibed above, the model can assist in 
experimental design, particularly in the choice of measurement and 
measurement frequency. Furthermore, such relatively simple calculations 
based on the model would start to reveal in a quantitative way the 
relative importance of different processes which change E100 under 
different cropping systems. The results of such calculations could be 
extremely useful when attempting to identify strategies to manage soil 
structure, especially if mathematical relationships between E100 and 
soil transmission properties were available. 
A considerable input of data collected from a variety of sites 
would eventually be needed for a realistic application of the model. 
However, before the collection of such data is even considered, it is 
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first necessary to test the model under controlled conditions. Chapter 
Four describes how a specific part of the model was tested under the 
controlled conditions of the glasshouse and Chapters Five, Six and Seven 
present the results of two field experiments which were designed 
primarily to isolate and assess the relative importance of the pathways 
recognised in the model that change E100 ' 
CHAPTER FOUR 
EFFECTS OF ROOT GROWTH AND DECOHPOSITION ON 
HACROPOROSITY AND RELATED FACTORS 
4.1 INTRODUCTION 
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An important assumption of the conceptual model described in 
Chapter Three is that living and dead roots may change macroporosity and 
in doing so might also change other soil physical properties. Many 
authors have already suggested that root growth and decomposition 
affects the movement of water through the soil and the stability of soil 
aggregates (Barley, 1953, 1954; Sedgley and Barley, 1958; Robinson and 
Jaques, 1958; Reid and Goss, 1980,1981; Scotter and Kanchanasut, 1981). 
The present experiment was specifically designed to test the importance 
of the root growth and death section of the model. A further aim was to 
investigate whether the effects of roots on saturated hydraulic 
conductivity could be readily modelled. 
4.2 HATERIALS AND METHODS 
4.2.1 Experimental plan 
The experimental plan is summarised in Figure 4.1. 
Ryegrass plants were grown in soil cores for a period of 65 days under 
glasshouse conditions. Some cores were left unsown. Selected soil 
measurements were made on some of these unsown cores at the beginning of 
the experiment to act as sowing-date controls (Control 1). After 65 
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days (Harvest 1), the same selected soil measurements were made on some 
of the ryegrass cores (Ryegrass 1) and on other unsown cores (Control 
2). The remainder of the planted cores were then sprayed with herbicide 
to kill the plants and were divided into three treatments: some were 
resown with ryegrass (Ryegrass 2), others with wheat (Wheat) and the 
remainder were left unsown (Fallow). Plants grew for a further 65 days 
whereupon a final set of measurements was made on all the cores (Harvest 
2) including the remaining controls (Control 3). 
Start Control 1 
I 
I 
I I 
I I 
Harvest 1 Control 2 Ryegrass 1 
I I 
I I 
I I I I 
Harvest 2 Control 3 Ryegrass 2 Wheat Fallow 
Figure 4.1: Summary of glasshouse experimental plan 
Each treatment consisted of eight replicates (cores) which were 
arranged in one complete randomised block. Measurements were made of 
3 -3 the amount of macroporosity (E100 , cm cm ), saturated hydraulic 
conductivity (K t' cm h-1) sa and mean weight diameter of soil aggregates 
(MWD, mm). The living and dead rooting densities (L , cm root cm -3 
v 
soil) of the cropped cores were also determined. The data obtained were 
used to investigate the effects of root growth and decomposition on soil 
transmission properties and aggregate stability. 
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Subsidiary measurements of the water release curve of the soil 
were also used to predict the likely effects of pore blockage by roots 
on the transmission of water through the soil cores. 
4.2.2 Soil 
Soil was taken on August 30th 1984 from the 5-15 cm deep 
layer in the A horizon of a ~akanui silt loam in Field S14 of the Sheep p 
Breeding Unit, Lincoln College. Details of the locality may be found in 
Cox (1978). Some physical and chemical properties of the soil used are 
given in Table 4.1. The site had been under pasture for five years. An 
area was ploughed, harrowed and kept weed-free for a period of 16 months 
to allow much discrete plant material to decompose before soil was taken 
for the experiment. Immediately following removal from the field, the 
soil was passed through a 6.3 mm sieve and thoroughly mixed. Coarse 
organic debris and earthworms were carefully removed. Finally the soil 
was stored overnight in its moist condition and packed into 
tubes at a soil dry bulk density of 1.25 g cm-3 . 
The tubes were constructed from rigid plastic drainpipe (7 mm wall 
thickness) 100 mm in length and 100 mm in inside diameter. A thin layer 
of coarse sand fixed with contact adhesive coated the inside of each 
tfube: This coating facili ta ted good con tac t be tween the ~tube· wall and 
the soil packed into it. Fine nylon cloth was attached to the bases of 
the I tubes. A total of 601 tubes were prepared. 
Table 4.1: Some physical and chemical properties of the Wakanui silt 
loam (5-15 cm depth) used in this study 
% (w/w) mineral particles 
Loss on ignition at 3750 C (%) a 
Dichromate oxidisable carbon (%) b 
pH (1:2.5 suspension of soil in water) 
Aggregate stability class c 
a Hesse (1971). 
b Walkley and Black (in Black, 1965). 
c Emerson (1967). 
< 2 ~m 
2-20 lJm 
20-50 lJm 
50-200 lJm 
200-2000 lJm 
Measurements are expressed as % of oven-dry soil (1050 C). 
20.9 
29.4 
26.5 
18.7 
4.5 
6.4 
2.4 
5.9 
8 
60 
• 
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4.2.3 Crops and growing conditions 
Once the cores had been packed, four were retained in the 
laboratory for determination of the water release curve (see Section 
4.2.5). The remainder were placed on tension tables set at a matric 
potential of -5 cm in a glasshouse and were allowed to wet-up by 
capillary action for 48 hours. The tables were then set at a matric 
potential of -30 cm to drain pores greater than 100 ~m in equivalent 
diameter (Leamer and Lutz, 1940) and the cores were left for three weeks 
to equilibrate. Plastic covers were placed over the cores to minimise 
evaporation. 
After this period of three weeks, the soil volumetric water 
content was 0.432 (s.e. ± 0.0014) 3 -3 cm cm Eight cores were then 
selected for destructive baseline measurements (Control 1). Sixteen 
cores were left unsown (Controls 2 and 3). Nine pre-germinated seeds of 
perennial ryegrass (Lolium perenne L., cv. Nui) were then sown at a 
depth of 1 cm into each of the 32 remaining cores. 50 mm extensions of 
identical drainpipe were placed on each core and the soil surface was 
covered with a 5 mm thick layer of black polymer beads. 
The ryegrass plants were grown for a period of 65 days in a 
glasshouse under natural illumination. No supplementary lighting was 
used. All the cores were maintained at approximately their original 
3 -3 water content of 0.432 cm cm • This was achieved partly by the action 
of the tension tables which maintained a matric potential of -30 cm. 
However, when the plants became large, it was also necessary to 
occasionally sub-irrigate the cores to the required water content. 
After approximately two weeks, exposed roots were trimmed off at the 
bases of the cores to avoid root growth in the tension tables. Minimum 
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and maximum air temperatures for this 65 day period were 30 C and 310 C 
respectively. 
At harvest (29/11/84), eight planted cores (Ryegrass 1) and eight 
unsown cores (Control 2) were removed to the laboratory for analysis. 
The remaining planted cores were sprayed with paraquat (a.i. 200 g 1-1). 
When fully dessicated, ryegrass leaves were removed and the cores were 
left on the tension tables for seven days. Eight cores were then resown 
with ryegrass (Ryegrass 2). Eight other cores were sown with five pre-
germinated winter wheat seeds (Triticum aestivum L., cv. Rongotea). The 
remainder of the cores (eight unsown cores and eight fallows) were left 
undisturbed. These last two treatments were Control 3 and Fallow 
respectively. Plants were grown for a further period of 65 days. 
Minimum and maximum air temperatures for this period were 80 C and 370 C 
respectively. At harvest (9/2/85), all the cores were brought back to 
the laboratory for analysis. 
During the experiment, regular checks were made on the tension 
tables. Growth of algae was reduced by placing covers on all exposed 
surfaces of the tension tables. The experimental layout is illustrated 
in Plate 4.1. 
4.2.4 Sampling procedure 
Cores removed at each harvest had the foliage cut off at 
the soil surface (where appropriate) and were equilibrated on tension 
tables set at a matric potential of -30 cm. Up to three days were 
needed to ensure equilibration at this potential. It was important that 
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Plate 4.1: Layout of glasshouse experiment. Perennial ryegrass plants 
were grown in soil cores on tension tables set at a matric 
potential of -30 cm. 
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the equilibration time was kept to a minimum so that root decomposition 
during the measurements of E100 was negligible. 
4.2.4.1 Porosity measurements 
The equilibrated core weights were used to calculate the 
3 -3 
soil water content (e
v
' cm cm ). No correction was made for the fresh 
weight of roots in planted cores. The amount of total porosity (E t , 
cm
3 
cm-
3) was estimated from the saturation water content of small cores 
(20 mm in length and 54 mm in inside diameter) packed in an identical 
fashion to the larger cores (De Leenheer, 1971). 
macroporosity (E100 , cm
3 
cm-3) was calculated by 
Finally, the amount of 
subtracting the e of 
v 
the larger cores from the calculated Et • Replication was eight-fold. 
4.2.4.2 Saturated hydraulic conductivity 
At each harvest, saturated hydraulic conductivity (K t' 
sa 
-1 h cm h ) was measured on four cores after E100 had been determined. T e 
other four cores were used for destructive sampling (see Section 
4.2.4.3). Calibrated Mariotte devices were suspended above the cores 
and water (at 200 C) was allowed to pond to a depth of 5 mm on the core 
surfaces. Infiltration was carried out until such a time that the flow 
rate was steady. Plots of cumulative infiltration (cm) against time 
were prepared for each replicate and K t was calculated using Darcy's 
sa 
Law once steady state conditions were achieved. After the measurement, 
cores from cropped treatments were retained for root analyses (see 
Section 4.2.4.4). 
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4.2.4.3 Vet-sieving analyses 
Soil from the four cores of each treatment selected for 
destructive sampling was gently passed through a 4 mm sieve. Root 
material was discarded from the cropped treatments. Some of this soil 
was immediately used for wet-sieving in a fresh condition. The 
remaining soil was air-dried for 14 days at 250 C. After air-drying, 
soil samples were wet-sieved either by directly immersing them in water, 
or by immersing them after they had been allowed to wet up for 48 hours 
at a matric potential of -25 cm. 
In each case, wet-sieving was carried out on 50 g whole soil 
samples (one sample per core). The wet-sieving apparatus consisted of 
four nests of three sieves of size 2.00 mm, 1.00 mm and 0.50 mm in 
series, oscillating in tap water (at approximately 200 C) with 24 
oscillations min-1 and an amplitude of 2 cm. Samples were directly 
immersed on the top sieve, left for 5 minutes and wet-sieved for 5 
minutes. Soil remaining on each sieve was washed into a foil tray, 
dried at 1050 C and weighed. 
The % of the original oven-dry soil weight retained on each sieve 
plus that passing through the bottom sieve was calculated. Results were 
expressed as a mean weight diameter (MWO) after van Bavel (1949). The 
MVO was obtained by multiplying the % of oven-dry soil on the 2.00, 
1.00, 0.50 and <0.50 mm sieves by 3, 1.5, 0.75 and 0.25 respectively 
(i.e. the mean intersieve sizes). The sum of these products equalled 
the MWO which had a maximum potential value of 3.00 mm and a minimum 
potential value of 0.25 mm for this particular apparatus. No 
corrections were made for primary particles or concretions in the soil 
samples. 
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4.2.4.4 Root analyses 
The root systems in the cropped cores that had been used 
for the determination of K t were washed out in root-washing apparatus. sa 
This apparatus consisted of revolving 60 mesh sieves into which fine 
jets of water were sprayed and was similar in design to that described 
by Yilliams and Baker (1957). After washing, the complete root samples 
(dead and/or alive mixtures) were stored for up to 48 hours in water at 
30 C. 
The roots were treated as follows: 
1. They were placed in a tray of water and small stones, concretions 
and coarse organic debris were carefully removed. Attached roots 
were cut off at the stem bases. 
2. The roots were spread out over filter paper in a Buchner funnel 
and free water was removed by mild suction. 
3. Living and dead roots were separated from a subsample using a 
staining technique based on the method of Yard et al (1978). Root 
samples were saturated in a 1% (w/v) aqueous solution of congo red 
for three minutes, rinsed with cold water, saturated for three 
minutes in 95% ethanol and finally rinsed again. Living roots 
stained bright pink; dead roots remained unstained or were 
brownish in colour. 
4. The lengths of the living and dead roots were measured using the 
grid intersect method of Tennant (1975). The subs ample was 
originally chosen to give at least 1000 counts on a 1.0 cm grid. 
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5. The living and dead root sUbsamples were dried at 750 C with the 
remainder of the whole samples for 24 hours. 
The root length of a whole sample was then calculated by 
multiplying the root dry weight of a whole sample (living and/or dead) 
by the length/dry weight ratio of the subsample. The dead root length 
in the whole sample was then calculated: 
= ... 4.1 
where R is the root length of the whole sample, Rd is the root length w s 
of the dead subsample, Rls is the root length of the living sUbsample 
and Rdw is the length of dead root in the whole sample. The living root 
length in the whole sample was calculated by subtracting the dead root 
length from the total root length. 
4.2.5 Pore size distribution 
Four cores were equilibrated on a saturated sand bed. 
They were then transferred to a tension table and the soil water 
contents (9 ) were determined between matric potentials of -10 cm and 
v 
-130 cm. Pressure membrane apparatus was used to determine the water 
contents at matric potentials of between -200 cm and -15000 cm using 
smaller cores (20 mm in length and 54 mm in inside diameter). These 
cores were also packed to a bulk density of 1.25 g cm-3 The resulting 
water contents were used to calculate the pore size distribution as 
outlined by Ball and Hunter (1980). 
4.3 RESULTS AND DISCUSSION 
Unless otherwise stated, where a significant result is presented, 
the level of significance is at P <0.05. 
4.3.1 Root characteristics 
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All the roots from the Ryegrass 1 treatment were alive 
and healthy when harvested. In the second harvest, living and dead 
roots were successfully separated, but it was not possible to assess 
whether the dead roots were made up completely of first harvest ryegrass 
roots or whether they included some dead roots from the second harvest. 
Staining was also carried out on the Fallow treatment to test the 
technique; only dead roots were indicated. 
Twice as much living root length was produced by the Ryegrass 2 
treatment than by the Ryegrass 1 treatment (Table 4.2). Changes in soil 
fertility, daylength and temperature may have caused this. The least 
amount of living root length was produced by the Wheat treatment. The 
amount of dead root material in the second harvest treatments suggested 
that considerable decomposition of the original ryegrass roots had 
occurred. 
Root growth did not change the total soil porosity. Any increase 
in total porosity would have required an elevation of the soil surface 
by the roots, which was not apparent. In all cases, the living and dead 
roots occupied less than 2% of the total soil volume. The maximum 
volume of the soil that is likely to be occupied by roots in the field 
is about 5% (Wiersum, 1961). 
Table 4.2: Results of root measurements made on ryegrass and wheat 
plants grown in soil cores 
Ryegrass 1 
Ryegrass 2 
Yheat 
Fallow 
LSD 
Living rooting 
density 
-3 (cm cm ) 
28.1 ± 4.72 
56.3 ± 12.41 
19.2 ± 4.78 
26.1 
Dead rooting 
density 
-3 (cm cm ) 
3.6 ± 0.50 
1.5 ± 0.12 
4.6 ± 0.70 
1.6 
LSD = least significant difference (P <0.05). 
Each value is the mean of four replicates. 
Tolerances are standard errors. 
% of total soil 
volume occupied by 
li ving and dead 
* roots 
1.0 ± 0.22 
1.8 ± 0.16 
0.7 ± 0.11 
0.2 ± 0.03 
0.5 
* Calculated assuming that the density of fresh roots -3 1.0 g cm 
(Yilliams and Baker, 1957). 
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4.3.2 Soil characteristics 
4.3.2.1 Hacroporosity and hydraulic conductivity 
There were no significant differences in E100 between 
treatments within harvests or between the controls (Table 4.3). The 
results for the controls suggest that there was no decrease in E100 by 
slumping during the experiment. Growth of ryegrass prior to the first 
harvest appeared to cause only a small, non-significant decrease in 
E100 • However, E100 in the Ryegrass 2, ~heat and Fallow treatments was 
significantly larger than in the Ryegrass 1 treatment. This suggests 
that the original ryegrass roots could have created macropores which 
persisted and remained unblocked during the second half of the 
experiment. Resowing of wheat and ryegrass did not seem to completely 
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block these newly created macropores since E100 in the Ryegrass 2 and 
~heat treatments was not significantly different from E100 in the Fallow 
or Control 3 treatments. 
Table 4.3 also shows that the initial growth of ryegrass roots 
significantly reduced K
sat compared with the Control 2 treatment. 
Killing the ryegrass shoots and allowing the roots to decompose 
significantly increased K t. Although K t in the Fallow treatment was 
sa sa 
greater than in the Control 3 treatment, this difference was not 
significant. The reduction and subsequent increase in K t caused by 
sa 
the growth and decomposition of ryegrass roots strongly supports the 
work of Barley (1954) and Sedgley and Barley (1958). 
Sowing ryegrass or wheat into cores already containing decomposing 
ryegrass roots did not decrease K t. This would suggest that the 
sa 
effects of any macropore blockage by the second crop were offset by the 
Table 4.3: Effect of different treatments on macroporosity (E100) and 
saturated hydraulic conductivity (K
sat ) 
Control 1 
Control 2 
Ryegrass 1 
Control 3 
Ryegrass 2 
Wheat 
Fallow 
LSD 
3 -3 * E100 (cm cm ) 
0.097 abc 
0.096 ac 
0.093 a 
0.098 abc 
0.101 bc 
0.104 b 
0.101 bc 
0.0075 
LSD = least significant difference (P <0.05). 
-1 ** K t (cm h ) sa 
2.2 a 
2.3 a 
0.6 b 
2.1 a 
2.8 a 
2.7 a 
2.3 a 
1.4 
Means with the same letter are not significantly different. 
* Each value is the mean of eight replicates. 
** Each value is the mean of four replicates. 
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freeing of pores as roots from the Ryegrass 1 treatment decomposed. 
There were no significant differences in K t between treatments in the sa 
second harvest or between the controls. 
4.3.2.2 Hean weight diameter 
As expected, the treatment of aggregates prior to wet-
sieving had a marked effect on the results (Table 4.4). Samples wet-
sieved following wetting up under tension had the largest MYD. Samples 
which had been air-dried and then wet-sieved had the lowest MYD. The 
moisture content and pre-treatment of aggregates prior to stability 
measurements is well known to influence the results of such tests 
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(Kolodney and Neal, 1941; Low, 1954; Panabokke and Quirk, 1957; Coughlan 
et aI, 1973; Pringle, 1975; Skidmore et aI, 1975; Reid and Goss, 1981; 
McQueen, 1982; Francis and Cruse, 1983). 
All three methods showed that by the first harvest, growth of 
ryegrass significantly increased the MYD compared with the Control 2 
treatment. In particular, the immersion-wet results agreed closely with 
those of Reid and Goss (1980,1981). However, results from the second 
harvest followed a different pattern. Using soil in the fresh state, 
there were no significant differences between the second harvest 
treatments and each MYD was significantly smaller than those values in 
the first harvest. Yith the tension-wet method, the MYD was 
significantly less for the Ryegrass 2 and Yheat treatments than for the 
Control 3 treatment. The immersion-wet results showed precisely the 
opposite trend. 
Table 4.4: Effect of different treatments on the mean weight diameter 
(MWD) of soil wet-sieved under fresh, tension-wet and 
immersion-wet conditions 
Control 1 
Control 2 
Ryegrass 1 
Control 3 
Ryegrass 2 
Wheat 
Fallow 
LSD 
Fresh 
1.60 
1.53 
1.72 
1.25 
1.26 
1.32 
1.30 
0.17 
* (MWD, mm) 
Tension-wet 
2.13 
2.46 
2.83 
2.60 
2.23 
2.24 
2.40 
0.25 
Tension-wet samples were wetted up for 48 hours 
at a matric potential of -25 cm. 
LSD = least significant difference (P <0.05). 
* Each value is the mean of four replicates. 
Immersion-wet 
0.94 
1.02 
1.19 
0.82 
1.35 
1.47 
1.07 
0.13 
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The controls also changed erratically with time. ~hen fresh soil 
was wet-sieved, the M~D declined in the controls with time. ~hen 
tension-wet soil was wet-sieved, the MYD increased with time. ~ith the 
immersion-wet method, it increased slightly in the middle of the 
experiment (not significantly), but had declined by the end of the 
experiment. 
It is difficult to interpret the data for the wet-sieving analyses 
because different pre-treatment of the soil samples gave completely 
different results. There is little doubt that the action of air-drying 
and re-wetting altered the soil's physical characteristics. 
4.4 GENERAL DISCUSSION 
4.4.1 Root growth and decomposition 
The results demonstrate that the presence of a crop per 
se significantly changed E100 and Ksat ' Sowing ryegrass into pre-packed 
cores decreased K t which subsequently increased once the ryegrass had 
sa 
been killed off and the roots were left to decompose. If the decrease 
in K t can be ascribed to blockage of macropores by living ryegrass 
sa 
roots, it seems that only a very small percentage of the soil volume (in 
this case 1.0%) needs to be explored to produce such an effect. 
Resowing ryegrass and wheat into cores already containing 
decomposing ryegrass roots did not cause a further decrease in either 
ElOO or Ksat ' This may mean that some root channels were freed by 
decomposition between the two harvests and were not blocked by renewed 
root growth. 
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4.4.2 Predictive methods 
Further development of the conceptual model in Figure 3.1 
would require mathematical desciption of the effect of root growth and 
decomposition on macroporosity and soil transmission properties. Some 
exploratory analyses are presented in this section. 
The question arises as to whether K t can be predicted if the 
sa 
original pore size distribution is changed by growing (and decomposing) 
roots. The Harshall equation (Harshall, 1958) is commonly used to 
predict water movement through soil. Plots of matric potential (~, cm) 
against volumetric water content are drawn up to calculate the hydraulic 
conductivities for specified moisture tension classes. The 
conductivities are actually obtained by dividing the water content-
matric potential relationship into n equal water content increments, 
obtaining the tension at the midpoint of each increment and calculating 
the conductivity using the equation: 
[(2j+1-2i)h.-2 ] 
1 
..• 4.2 
i=1,2,3 •.• n 
where K. = hydraulic conductivity (cm h-1) corresponding to the i th 
1 
increment, y = coefficient of surface tension of water (g s-2), p 
f -3 -2) density 0 water (g cm ), g = gravitational constant (cm s , n 
-1 -1 
viscosity of water (g cm s ), 9
v 
= water-filled porosity at lowest 
3 -3 tension class (cm cm ), n = total number of pore classes, j and i = 
summation indices and h = matric potential (cm). 
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In this experiment, the water content-matric potential 
relationship was known for unsown cores (Section 4.2.5). It is possible 
to use the measured root data to estimate the water-release curves for 
each of the treatments that had roots in them. However, since the 
proportion of roots which grew into existing macropores rather than 
creating new ones is unknown, certain assumptions need to be made. 
Three different sets of calculations were carried out, each set using 
one of the following three assumptions: 
1. When the roots grew, they occupied the largest pores 
preferentially; when they decomposed, smallest pores were released 
first. An illustration of this effect can be seen by studying 
Figure 4.2a,b. If all the pores> 100 ~m in equivalent diameter 
were to be completely blocked by roots, then Figure 4.2a shows 
that approximately 9.5% of the total soil volume would have to be 
occupied by them. In actual fact, only 1.0% of the soil volume 
was occupied by roots of the Ryegrass 1 treatment. If these roots 
occupied largest pores first, then Figure 4.2b can be used to show 
that only pores> 240 ~m would have become blocked by a root 
volume of 1.0%. 
2. The roots occupied all pores> 100 ~m evenly, with no preference 
for any particular size range> 100 ~m; when they decomposed, the 
pores> 100 ~m were also freed evenly. 
3. 50% of the roots occupied pores> 100 ~m evenly as in the second 
assumption; the remaining 50% of the roots evenly oc~upied pores 
60-100 ~m in equivalent diameter by expanding them into pores> 
100 ~m. Pore space in the range 40-60 ~m would be lost to account 
for this expansion. When the roots decomposed, the release of 
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Figure 4.2: Pore size distribution of ~ Wakanui silt loam packed 
-3 into soil cores at a soil dry bulk density of 1.25 g cm . 
Et = total porosity. 
(a) 
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pore space was the same as for the second assumption, except that 
those pores in the range 60-100 ~m originally blocked now became > 
100 ~m for the growth of roots in the second harvest. 
In all cases, the saturated hydraulic conductivities predicted 
from the Marshall equation were larger than the results obtained 
experimentally. This occurrence has been reported elsewhere (Ehlers, 
1977) and a matching factor is commonly used with the Marshall equation 
to decrease the predicted values so that they adequately represent 
experimental data (Jackson, 1972). The matching factor in this case is 
defined as: 
Mean measured control K t 
sa 
Mean predicted control K t 
sa 
... 4.3 
The mean measured control K t value was taken from Control 2. 
sa 
This was because measurements of K t on the Control 2 cores coincided 
sa 
with the time when pores> 100 ~m were being drained on other cores used 
for the sequential pore-size distribution. 
None of the estimates of K t made using the three assumptions 
sa 
accurately matched the predicted results (Table 4.5). For the first 
harvest, the first assumption (largest pores blocked first) gave the 
most accurate predictions; for the second harvest, the third assumption 
(50% blocking pores > 100 ~m, 50% blocking pores < 100 ~m) was the most 
accurate. Overall, the Marshall equation was inadequate for explaining 
the experimental results. This could have been because of structural 
collapse while K t was being measured or because pore continuity 
sa 
effects ignored in the Marshall equation may have been important. 
These possibilities are discussed below. 
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Table 4.5: Comparison of observed and predicted saturated hydraulic 
conductivities (K t' cm h-1) sa 
Predicted 
Assumption 1 Assumption 2 Assumption 3 
Ryegrass 1 1.7 (74) 2.2 (96) 
Ryegr~ss 2 1. 4 (61) 2.2 (96) 
Wheat 1.9 (83) 2.3 (100) 
Fallow 2.2 (96) 2.3 (100) 
Control 2 
Figures in parentheses are % of Control 2. 
See text for explanation of assumptions. 
2.2 (96) 
2.3 (100) 
2.5 (109) 
2.4 (104) 
Observed 
0.6 (26) 
2.8 (122) 
2.7 (117) 
2.3 (100) 
2.3 
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4.4.2.1 Pore stability 
All the treatments containing living roots reached steady 
conductivities a few minutes after infiltration began (Figure 4.3). 
However, the Control 2, Control 3 and Fallow treatments all required 
about 100 minutes before steady state was achieved. Water flow through 
the Control 1 treatment was surprisingly steady for the duration of the 
measurement. After about 1 cm of water had infiltrated, each core 
should have been saturated and any subsequent change in infiltration 
rate might reflect a change in the pore system. Therefore the results 
in Figure 4.3 suggest that pore stability effects were important. This 
considerably complicates attempts to predict the effects of roots on 
A useful index of pore stability for each treatment can be derived 
from the ratio of the steady-state K t and initial K t estimates for sa sa 
each core. Initial K t was calculated for each replicate between 15 
sa 
and 30 minutes with the exception of the Ryegrass 1 treatment where the 
initial K t was calculated between 30 and 45 minutes. The stability sa 
indices indicate that the presence of living roots helped to maintain 
pore stability (Table 4.6). The Wheat treatment was not significantly 
different from the Ryegrass 2 treatment. Living wheat roots may 
decrease soil aggregate stability (Reid and Goss, 1981) and therefore 
possibly pore stability. The present results do not support this 
suggestion. Pore stability was significantly greater in the presence of 
living roots than in the presence of dead roots. If these results also 
reflect the field situation, then the presence of living roots may be 
crucial to maintaining the porous structure of a soil (see Section 8.4). 
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Control 2 
Fallow 
Control 3 
Ryegrass 2 
Wheat 
Control 1 
Ryegrass 1 
200 
Figure 4.3: Cumulative infiltration into the soil cores. Smooth 
curves were drawn by hand and each represents the means 
of four replicates. 
Table 4.6: Effect of different treatments on the ratio of steady-state 
to initial saturated hydraulic conductivity 
K/Ko (%) 
Control 1 86 
Control 2 16 
Ryegrass 1 70 
Control 3 29 
Ryegrass 2 90 
Wheat 81 
Fallow 31 
LSD 18 
K = Steady-state saturated hydraulic conductivity. 
Ko = Initial saturated hydraulic conductivity. 
LSD = least significant difference (P <0.05). 
Each value is the mean of four replicates. 
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Unfortunately, it was not possible to explain the exact nature of 
the effect of living roots on pore stability, because no attempt was 
made to distinguish between the effect of roots themselves and the 
associated soil microbial biomass. The interaction of living roots with 
certain components of the soil microbial biomass may be important in 
explaining the effect of roots on aggregate stability (Lynch, 1984). 
The stability index (K/K ) of the controls changed with time. The 
o 
Control 2 and Control 3 treatments, although not significantly different 
from each other, were both significantly smaller than the Control 1 
treatment. The most likely explanation for this is that microbial 
activity affected the amount or nature of organic stabilising agents in 
the soil. This effect was moderated, or offset, by the presence of 
living roots as found by Sparling et al (1982) and Reid and Goss 
(1982b,1983). 
4.4.2.2 Pore continuity 
The Marshall equation assumes that soil material is 
isotropic and that it should contain no lengthy conducting channels 
(Marshall, 1958). Therefore the effects of a few continuous root 
channels could be underestimated by the equation. However, it is 
possible to calculate roughly how channels freed by completely 
decomposed roots would affect the values of K t estimated from the 
sa 
Marshall equation. If these root channels in the cores were 10 cm in 
length, vertical and of a mean diameter equal to that of the original 
ryegrass roots, the flow rate through such a tube can be calculated 
using the Poiseuille equation, with matric potential (in units of cm) 
replacing hydrostatic pressure (normally in units of N m-2). The 
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-1 
equation can be modified to calculate K t (cm h ), if there are n 
sa 
tubes (roots) in a core of cross-sectional area A: 
K = 3600(nnr4 / A8n) sat ••• 4.4 
* 2 -5 In this case, r = 0.0107cm, A = 78.5 cm and n = 10 cm s (at 200 C). 
If there was one such unblocked root channel per core, then the 
contribution of that channel to the predicted saturated hydraulic 
-1 
conductivity of that core would be 0.024 cm h • 
In the case of the Ryegrass 2 and Wheat treatments, the predicted 
K
sat underestimated the observed Ksat using the third assumption (Table 
4.5). For the Ryegrass 2 treatment, the predicted and observed K
sat 
could be made equal if the conductivities of 21 decomposed root channels 
were added on to the predicted K
sat ' For the Wheat treatment, only 8 
decomposed root channels would be needed. This illustrates that the 
role of a few continuous root channels may be large. 
In the case of the Fallow treatment, the predicted K
sat (third 
assumption) overestimated the observed K t' but it has already been sa 
demonstrated that the Fallow treatment was unstable to the conductivity 
measurement. The initial Fallow K t between 15 and 30 minutes was 
sa 
8.6 cm h-1 (Figure 4.3). The predicted K t using the Marshall equation 
sa 
was 2.4 cm h-1 (third assumption). The difference between these values 
is equivalent to the effects of 258 unblocked continuous root channels 
as calculated above. 
The original ryegrass rooting density (Ryegrass 1) was 
-3 28.1 cm cm (Table 4.2) and if all the roots had grown vertically, 
I 
length and volume or RyegraBB 1 rootBI 
there is the possibility of about 2200 root channels being exposed over 
the 78.5 cm2 area of each core. On this basis, it does not seem 
unrealistic to suggest that there were 258 vertical and unblocked root 
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channels in the Fallow treatment by the time of the K t measurement. 
sa 
Finally, an attempt must be made to explain the results of the 
first harvest where the observed K t was far smaller than predicted by 
sa 
the Marshall equation. If the initial conductivities are used, then the 
K t of the Ryegrass 1 treatment represents only 5% of the Control 2 
sa 
treatment compared to 26% in Table 4.5. Clearly the effect of root 
growth on K t is far greater than can be predicted simply assuming that 
sa 
roots fill up pores and prevent them from transmitting water. Perhaps 
roots may need only to block a macropore in one or two places to destroy 
its continuity or occlude it entirely. Even if a root causes only a 
small part of a large continuous macropore to be reduced in diameter, 
the flow of water through it will be severely reduced according to the 
Poiseuille equation (see also Ball, 1981a). 
4.5 SUHKARY AND CONCLUSIONS 
The hypothesis tested in this experiment was that soil 
transmission properties will be changed if living and dead roots alter 
macroporosity. A glasshouse experiment where perennial ryegrass and 
wheat were grown in pre-packed cores has verified this hypothesis. 
In attempting to explain the nature of these effects, it was 
assumed that growing roots physically blocked some pores while 
decomposing roots opened up root channels for the movement of water. 
The Marshall equation was used to predict the likely effects of root 
growth and decomposition on K t. However, this approach was 
sa 
unsuccessful probably because the equation is unable to take into 
account the way in which pore stability or pore continuity are 
influenced by root growth. 
It was intended that the wet-sieving analyses would assist the 
interpretation of the E100 and Ksat results. The results of the three 
wet-sieving methods gave completely contrasting results. Using air-dry 
soil and immersing it straight into water is the most widely used 
technique for wet-sieving. However, for the purposes of the model, it 
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might be more appropriate to use the results from the fresh wet-sieving 
method because the stability of macropores in the cores would probably 
be dependent upon the stability of the soil aggregates in a fresh state. 
Unfortunately, the fresh wet-sieving MWD results did not help the 
interpretation the E100 or Ksat results. Overall, wet-sieving does not 
seem a particularly useful technique to provide data for the model. 
Pore stability was best represented by examining how K t changed 
sa 
during the course of each measurement. The ratio of steady-state K t to 
sa 
initial K t demonstrated that the presence of living roots helped to 
sa 
maintain pore stability. Ryegrass and wheat roots seemed to have 
similar effects on pore stability, in contrast to published results of 
studies on aggregate stability. 
Overall, the results suggest that root activities can be important 
in influencing certain aspects of soil structure. However, the 
importance of root activities compared to other potentially important 
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processes (such as earthworm activity and the effect of tillage) has yet 
to be assessed quantitatively in the field. Moreover, it is unknown how 
the importance of root activities varies with different field crops. 
CHAPTER FIVE 
FIELD STUDIES OF SOIL STRUCTURAL CHANGES UNDER VHEAT AND RYEGRASS 
I. AGRONOHIC ASPECTS OF THE EXPERIMENT 
5.1 INTRODUCTION 
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In a glasshouse experiment, it was demonstrated that living and 
dead roots may affect certain aspects of soil structure (Sections 4.3 
and 4.4). However, glasshouse experiments are not adequate to indicate 
how important root effects are in relation to other processes that may 
change soil structure in the field. Moreover, it is not known how the 
relative importance of these processes changes with different crops and 
management systems. 
In order to help understand the precise nature and causes of 
changes in soil structure caused by different cropping systems, 
experiments should treat different crops identically within a particular 
management system. Unless this condition is met, it is very difficult 
to distinguish the effects of a crop from the effects of management and 
climate. To date, it seems that only a few field experiments have 
specifically demonstrated how a change in soil structure may be affected 
by the presence of a crop (Ojeniyi and Dexter, 1983; Dexter et aI, 
1983). 
It is not always possible to use the same management systems for 
certain contrasting crops. Different crops often require different soil 
preparation, sowing dates and growing strategies. However, it is 
possible to treat winter wheat (Triticum aestivum L.) and perennial 
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ryegrass (Lolium perenne L.) crops identically for experimental 
purposes. The effects of these two crops on soil structure is generally 
thought to be contrasting as ryegrass is often associated with an 
improvement in soil structure and wheat with a deterioration (Section 
2.2). The two crops are also very important in the Canterbury area. 
About 47<000 hectares of wheat was grown in Canterbury for the year 
ending 30/6/80 (Logan, 1983). Grass and clover swards cut for hay and 
silage accounted for about 73 100 hectares in Canterbury for the year 
ending 30/6/82, 36% of the total for New Zealand (Agricultural 
Statistics, 1981-82). Moreover, perennial ryegrass is the most common 
grass species grown in New Zealand (Watkin, 1975). 
This chapter reports a field experiment which was designed to meet 
two specific objectives: 
1. To isolate the different effects on soil structure of wheat and 
perennial ryegrass and their management. 
2. To assess the relative importance of the processes shown to change 
macroporosity in the conceptual model in Figure 3.1. These were 
identified as tillage, the action of root growth and 
decomposition, slaking and slumping and the activity of 
earthworms. 
The design of the field experiment was the key to meeting these 
objectives: an area of land already well established with ryegrass was 
selected and the ryegrass was killed off. The area was then sown with 
the same variety of ryegrass or with wheat, either by direct-drilling 
the two crops into the dead pasture or by drilling them after 
cultivating the soil. In addition, areas of land which had been 
prepared for drilling were left unsown. This combination of treatments 
allowed the effect of changing cultivation practices and the effect of 
changing crop species on soil structure to be identified. The 
experiment was carried out over two seasons. 
90 
The objective of this chapter is to provide agronomic details of 
the experiment, with an emphasis on differences between the crop species 
and their response to the contrasting cultivation treatments. Particular 
attention has been given to root growth. The changes in soil structure 
that occurred under the different cropping systems are described in 
Chapter Seven. 
5.2 HATERIALS AND METHODS 
5.2.1 Soil requirements and site characteristics 
The specific site requirements were as follows: 
1. That the topsoil was reasonably uniform, free from stones and 
well-structured. A well-structured soil was required for the 
field experiment so that soil structural deterioration could be 
monitored. However, it was realised that any further structural 
improvement (if it occurred) might be difficult to detect on this 
site. 
2. That the site was level, free from nutrient deficiencies and had 
been sown to a variety of ryegrass that was currently being used 
commercially. 
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3. That the site had not been used for any destructive soil sampling. 
A preliminary survey showed that field S14 of the Sheep Breeding 
Unit, Lincoln College met the above requirements. The soil in this 
field is a Wakanui silt loam (Cox, 1978), classified as a recent 
soil/yellow grey earth intergrade (N.Z. system) or in U.S. taxonomy as 
an Aquic Dystric Utrochrept (coarse loamy, parts fine loamy, mixed 
mesic). The clay mineralogy is dominated by mica and pedogenic chlorite 
in equal proportions (Churchman, 1980). 
The site was characterised texturally by hand (Taylor and Pohlen, 
1970). Four textural classes were recognised: silt loam (zl), fine 
sandy loam (fsl), sandy loam (sl) and loamy sand (Is). Most of the 
textural measurements were made when root tubes were installed (see 
Section 5.2.6.3). Subsoil texture appeared extremely variable with 
textures varying from almost pure sand to silt loam (Figure 5.1). 
Similar textural variability has been recorded for nearby soils 
(Karageorgis et aI, 1984; Reid et aI, 1984). A detailed particle 
analysis of soil samples from one of the plots is shown in Appendix 1. 
Below 40 cm soil depth, the structural development of this soil is 
weak and soil dry bulk densities are large (Appendix 2). The estimated 
available water capacity to 100 cm soil depth is 175 mm (Appendix 2). 
The site was sown with perennial ryegrass (Lolium perenne L., cv. 
Nui) in 1978 and was regularly grazed up until April 1983. Incidence of 
weeds was small. The topsoil was extremely well-structured and friable 
with abundant earthworms. The nutrient status of the soil was estimated 
to 15 cm soil depth using standard methods, both at the beginning and at 
the end of the first season (Appendix 3). The analyses suggested that 
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Figure 5.1: Soil textural variability of .a Wakanui silt loam. 
zl, silt loam; fsl, fine sandy loam; sl, sandy loam; 
1s, loamy sand. Figures above soil profiles are plot 
numbers. 
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the soil was potentially deficient in P and this was corrected in the 
cropped plots at drilling. Although Ca was shown to be in the low 
range, the soil pH was satisfactory indicating that liming was probably 
unnecessary. 
5.2.2 Site preparation and experimental design 
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The experiment was set up over an area of 0.7 ha using a 
randomised block design with four replicates. The plots were laid out 
on the 14th April 1983. There were 24 plots (six treatments) each 7.5 m 
by 10 m. Each plot was randomly sub-divided into three strips, two for 
destructive sampling (i.e. one per season) and one for non-destructive 
measurements. Vide headlands (10 m) were left to facilitate the tillage 
operations. Tramlines ran down the headlands so that the whole site 
could be sprayed without traffic passing over the plots. The layout of 
the field experiment is shown in Appendix 4. 
Before cultivating or drilliQg, a series of soil baseline 
measurements were made on each plot (see Section 7.2.1). The existing 
ryegrass was then killed off using a mixture of glyphosate at 3 1 ha- l 
(a.i. 36%) and dicamba at 1 1 ha- l (a.i. 20%). A 124 m by 4 m strip of 
ryegrass on the south side of the experimental area was left unsprayed 
and used as a 'grass reference area' (GRA) throughout the experiment. 
This area was not considered as a treatment in the statistical design. 
Finally, before application of the treatments, the whole site (including 
the GRA) was grazed for 48 hours in order to remove as much of the 
existing dead pasture as possible. 
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5.2.3 Treatments 
Six treatments were randomly distributed within each of 
the four experimental blocks: 
1. Ploughed fallow (PF) 
2. Ploughed wheat (PW) 
3. Ploughed ryegrass (PR) 
4. Direct-drilled fallow (DDF) 
5. Direct-drilled wheat (DOW) 
6. Direct-drilled ryegrass (DDR) 
Details of the management of these treatments are summarised in 
Table 5.1. Ploughing was carried out each season on the first three 
treatments to a depth of 20 cm using a Kverneland three furrow 
reversible plough. This was followed by sufficient harrowing to produce 
a good seedbed. In the second season, additional rolling was needed on 
the ploughed treatments before drilling. 
Winter wheat (Triticum aestivum L., cv. Rongotea) and perennial 
ryegrass (Lolium perenne L., cv. Nui) were drilled using a Duncan 700 
Seedliner (15 cm row spacing). The only fertiliser applied was 250 
-1 -1 kg ha superphosphate (20 kg P ha ) at the time of drilling. Drilling 
depths were approximately 2 cm for both wheat and ryegrass. Headlands 
were drilled with winter wheat. The fallow plots were prepared in 
exactly the same way as the cropped plots except that no passes were 
made with the drill. These plots were kept weed-free by regular 
-1 -1 
spraying with paraquat at a rate of 2 I ha (a.i. 200 g I ). 
Table 5.1: Details of agronomic practice 
Ploughing date a 
Harrowing date a 
Drilling date 
Seed rate 
Fertilisers applied 
Fungicides applied b 
Harvest date 
Ploughing date a 
Harrowing date a 
Rolling date a 
Drilling date 
Seed rate 
Fertilisers applied 
Herbicides applied c 
Fungicides applied b 
Harvest date 
Wheat 
9/5/83 
10/5/83 (2) 
10/5/83 
170 kg ha -1 
20 kg P ha -1 
Triadimefon 1 1 ha-1 
(a.i. 125 g 1-1) 
23/8/83 
15/9/83 
20110/83 
15/11/83 
15/1/84 
7/5/84 
8/5/84 (3) 
10/5/84 
14/5/84 
-1 156 kg ha 
-1 20 kg P ha 
-1 Chlorosulfuron 20 g ha 
(a.i. 0.75 g g-l) 
6/9/84 
Triadimefon 1 1 ha-1 
(a.i. 125 g 1-1) 
17110/84 
20/11/84 
711/85 
Ryegrass 
9/5/83 
10/5/83 (2) 
10/5/83 
25 kg ha -1 
20 kg P ha 
15/1/84 
7/5/84 
8/5/84 (3) 
10/5/84 
14/5/84 
-1 25 kg ha 
-1 
20 kg P ha -1 
MCPA 4 1 ha-1 
-1 (a.i. 375 g 1 ) 
21/9/84 
7/1/85 
a ploughed treatments only; b striped rust control; c general weed 
control (especially broad-leaved weeds). Figures in parentheses after 
harrowing dates are number of passes of the harrow. 
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Small differences between the two crops in terms of weed and 
disease management were necessary (Table 5.1). It is considered that 
these differences would have had negligible effects on soil structure. 
5.2.4 Transition between seasons 
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The design of the field experiment required that both 
crops be treated identically. The ryegrass crops were therefore treated 
as if they were wheat crops. They were left to grow uncut and ungrazed 
throughout each season and harvested at the same time as the wheat. 
Furthermore, the ryegrass had to be killed off after the 1983/84 harvest 
and resown at the same time as the second wheat crop. This would not be 
common practice, except perhaps where the ryegrass was being grown for 
seed. 
After the first harvest, all remaining above-ground plant material 
was removed by hand. The ryegrass was then killed with an application 
of paraquat at 2 1 ha-1• The second season began with another spraying 
of glyphosate and dicamba at the same rates as before (to kill any weeds 
that had germinated). Exactly the same treatments were imposed on the 
same areas of soil as in the first season. The GRA was unmanaged except 
that it was cut once between the two seasons. 
5.2.5 Climate 
Climatic data came from Lincoln College Hetereological 
Station situated about 2 km from the experimental site. There were 
large differences between the 1983/84 and 1984/85 seasons (Figure 5.2). 
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Rainfall was greater and more evenly distributed in the 1983/84 season. 
The second season had sporadic rainfalls with only one large amount of 
rain falling in the summer (Nov/Dec). The cumulative totals of rainfall 
between drilling and harvest were 554 mm and 311 mm for the 1983/84 and 
1984/85 seasons respectively. The respective cumulative totals of 
Penman potential evaporation were 644 mm and 656 mm. 
5.2.6 Heasurement techniques 
5.2.6.1 Shoot growth 
During each season, above-ground dry matter was measured 
regularly. Samples were taken from a one m2 area per plot. Shoots were 
removed as close to the soil surface as possible, dried at 7SoC for 48 
hours and weighed. At harvest time, wheat samples were divided into 
ears and stems and measurements were made of the number of ears per m2, 
grain yield and 1000 grain weight. Ryegrass plants were not separated 
into yield components. 
5.2.6.2 Interception of photosynthetically active 
radiation 
At regular intervals during the seasons, aLi-cor LI-188B 
integrating quantum/radiom~ter/photometer was used to measure the 
-2 -1 photosynthetic photon flux density (PPFD, m mole m s ) above and 
below the crop canopies. Results were expressed as a % of incident 
photosynthetically active radiation intercepted by the crop, and were 
used as an index of ground cover. Four readings were made per plot 
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across the crop rows in the areas reserved for non-destructive sampling. 
Readings were taken as near to midday as possible. No distinction was 
made between interception by living and dead tissues. During the early 
stages of ryegrass growth, it was not practical to use the apparatus so 
visual estimates of ground cover had to be made instead. 
5.2.6.3 Root growth 
Root growth was assessed in terms of rooting density 
-3 -3 'I (cmroot cm soil) and ash-free root dry weight (~g root cm SOl) 
using 'mini-rhizotrons' (root tubes). Of the variety of methods that 
exist for measuring root distribution in the field (BHhm, 1976,1979; 
BHhm et aI, 1977; Bragg et aI, 1982), root tubes were considered the 
most appropriate for this study." Many previous workers have used this 
technique with varying degrees of success (Waddington, 1971; BHhm et aI, 
1977; Sanders and Brown, 1978,1979; Gregory, 1979; Blackwell et aI, 
1981; Bragg et aI, 1982,1983; Vos and Groenwold, 1983; Belford and 
Henderson, 1984; Van Noordwijk et aI, 1985). 
Some workers have shown that the technique does not adequately 
estimate rooting densities in the bulk soil, often because roots 
concentrate around the tubes (Gregory, 1979; Blackwell et aI, 1981). 
This appears to be a major problem when tubes are fitted into large 
holes which have then been back-filled with soil (Waddington, 1971; BHhm 
et aI, 1977; Bragg et aI, 1982). The key to the success of the present 
method seemed to be the choice of narrow tubing and careful 
installation, a tight fit between soil and tube being essential. In 
this study, data iwerE!di_scarded if roots appeared to be following the 
tubes. Such an occurrence was infrequent. 
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Clear perspex tubes (44 mm o.d., 38 mm i.d.) were inserted 
vertically into the ground between the rows of cropped plots. The tubes 
were marked with four equidistant parallel vertical lines and also 
horizontal lines at 5 cm increments down their length. Maximum tube 
depths were 100 cm and 160 cm for ryegrass and wheat respectively. One 
end of each tube was sealed with a tapered perspex plug and the 5 cm 
nearest the open end was covered with reflective paint. Between 
readings, the tubes were capped to exclude light and rain. 
Installation was carried out each season shortly after crop 
emergence, using a procedure similar to that for neutron moisture meter 
tubes (Yatt and Jackson, 1981). A sharpened steel tube of the same 
outside diameter as the perspex tubes was driven vertically into the 
ground in 10 cm increments. Damage to the soil surface was carefully 
avoided. Augering was carried out between increments to 10 cm ahead of 
the tube using a 3 cm diameter screw auger passed through the middle of 
the steel tube. 
Soil that was augered out was assessed texturally by hand (Section 
5.2.1). Yhen the steel tube end was at the correct depth, it was pulled 
out with a tripod and hoist and a perspex tube carefully inserted in its 
place. If a tight fit was not achieved, the tube was re-installed 
elsewhere. One tube was installed per plot in the non-destructive 
sampling area at least 1.5 m away from the plot edge. 
Examination of the roots down the soil profile was achieved by 
inserting a periscope into the perspex tubes. The periscope was 
constructed of plastic waste pipe (36 mm o.d.) with a dental mirror and 
12v light bulb powered by a small rechargeable motorcycle battery (12v, 
1.2Ah). Rooting density was assessed by counting the number of 
intersects that the roots made at 5 cm intervals with the marked grid. 
Readings were made at approximately two week intervals from about 80 
days after sowing. 
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In order to relate rooting density at a particular soil depth to 
the number of root intersections on the tube grid at that depth, a 
calibration excercisewas undertaken. On four occasions during the 
1983/84 season, readings were taken from one of four additional tubes 
(one per ~ropped treatment) inserted at the same time as the others. 
Duplicate soil cores (54 mm i.d.) to a depth of 100 cm were then taken 
as near to the tube as possible (between crop rows) using a portable 
power auger. These cores were then divided into 5 cm increments. Roots 
from each increment were washed out and living roots were separated from 
dead roots and organic debris using techniques described previously 
(Section 4.2.4.4). 
The living roots were stored in a methanol-formaldehyde-acetic 
acid solution. Root length was estimated using the grid intersect 
method of Tennant (1975) and was converted to rooting density. The 
roots were then dried at 750 C for 24 hours, weighed and ashed at 5500 C 
for 16 hours. Finally, the ashed residue was subtracted from the root 
dry weight to obtain the ash-free root dry weight. 
Relationships were examined between the total number of root 
intersects counted at 5 cm increments on the grid and the rooting 
density in the adjacent bulk soil, and between extracted root lengths 
and their ash-free root dry weights. Relationships were selected on the 
basis of which had the best r2 value. Linear, exponential, geometric 
and logarithmic relationships were tested. 
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Preliminary investigations suggested that the tube method was 
unreliable in the top 10 cm of soil. Others have also shown that the 
method generally underestimates rooting densities near the soil surface 
(Bragg et aI, 1982,1983; Belford and Henderson, 1984; Van Noordwijk et 
aI, 1985). Accordingly, a core-break root count method was employed for 
this soil region. This method has frequently been used in other root 
studies (Drew and Saker, 1977,1980a; Ellis and Barnes, 1980; Bragg et 
aI, 1983,1984; Braim et aI, 1984; Fairley, 1985). 
Cores (54 mm i.d., 50 mm length) were taken at 0-5 cm and 5-10 cm 
soil depths, broken in half and a count was made of the number of 
exposed living roots on each horizontal face. Two cores per plot were 
taken (one on a cropped row, one in between) in the areas reserved for 
destructive sampling. 
Although Baldwin et al (1971) showed that an equation could be 
used to convert the number of roots per cm2 on a core face to an 
equivalent root length, it was found to be inaccurate, probably because 
the equation was originally derived for laboratory-grown crops with 
completely random orientation of roots. The core-break method was 
therefore calibrated separately. Cores were taken from each cropped 
treatment in the 0-10 cm soil depth on four occasions during the 1983/84 
season. After counts had been made on the number of exposed living 
roots, the complete root systems were washed out and stained as before. 
The number of exposed living roots in each core was regressed against 
the measured rooting densities in the cores, and the relationship 
between the root lengths and their ash-free dry weights was examined. 
The core-break method was also used to estimate the total length of 
living and dead root in the top 10 cm of the original pasture before any 
drilling or tillage operations were carried out. 
5.2.6.4 Root diameter measurement 
Whole plants were dug out with a spade from an area of 
23 cm by 23 cm from each of the cropped plots to 15 cm soil depth, at 
the time of wheat anthesis in the 1984/85 season. Soil adhering to the 
plants was carefully washed off by hand and the roots were removed from 
the stems and separated into their respective nodal and seminal root 
systems. At least two plants were selected from each cropped plot for 
root diameter measurement. Root diameters were measured on the main 
root axes, primary laterals and secondary laterals using a microscope 
with a calibrated eyepiece graticule. A minimum of 200 measurements 
were made on each class of root. 
5.2.7 Statistical analysis 
Untransformed root and shoot data were analysed by 
analysis of variance using the Genstat (Rothamsted developed) package 
programme, processed by the VAX 11/780 computer at the Lincoln College 
Computer Centre. Differences between means were tested by the least 
significant difference (LSD). Results were analysed for a crop effect 
(PW+DDW vs PR+DDR), a cultivation effect (PW+PR vs DDW+DDR) and 
individual treatment effects. 
5.3 RESULTS AND DISCUSSION 
Unless otherwise stated, where a significant result is presented, 
the level of significance is at P <0.05. 
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5.3.1 Shoot growth 
5.3.1.1 Plant establishment 
The plant population densities of winter wheat indicated 
that crop emergence was satisfactory for both seasons (Table 5.2). 
Treatment differences within a season were small and non-significant. 
Plant population counts were not made on the ryegrass plots. 
5.3.1.2 Yield and yield components 
2 Neither grain yield, ears per m nor 1000 grain weight of 
winter wheat were affected by different cultivation treatments within 
each season (Table 5.2). In both seasons, grain yields of winter wheat 
-1 
were well above the local average of 3.1 t ha (Logan, 1983). The 
harvest index for wheat did not differ significantly between seasons or 
cultivation treatments. 
5.3.1.3 Total above-ground dry matter production 
Irrespective of cultivation treatment, wheat consistently 
out yielded ryegrass in terms of total above-ground dry matter (Figure 
5.3). Nevertheless, the ryegrass yielded as well as can be expected 
under local climatic conditions (Watkin, 1975; Vartha, 1977). Compared 
with the first season, the smaller total ryegrass dry matter production 
in the second season was more likely to have been due to drought rather 
than nitrogen deficiency. Growth of perennial ryegrass is known to 
rapidly decline under summer conditions of low rainfall, high 
Table 5.2: Plant populations, grain yields and yield components 
of winter wheat in 1983/84 and 1984/85 
Direct- Ploughed F ratio LSD 
drilled significance (P <0.05) 
1983/84 
Plants per 2 232 246 m ns 
(30/6/83) 
Grain yield (t ha-1) 5.4 6.1 ns 
Ears per m 2 377 456 ns 
1000 grain weight (g) 49.4 49.5 ns 
Shoot weight at harvest 11.0 (7.3) 12.3 (7.9) 
* 
-1 (t ha at 100% DM) 
1984/85 
Plants per 2 279 251 m ns 
(28/6/84) 
Grain yield (t ha-1) 5.4 5.2 ns 
Ears per m 2 444 423 ns 
1000 grain weight (g) 52.4 50.8 ns 
Shoot weight at harvest 10.8 (4.6) 10.6 (4.5) ns 
-1 (t ha at 100% DM) 
LSD = least significant difference; ns = not significant; 
* = significant at P <0.05 
32 
1.2 
120 
1.7 
0.8 
33 
0.5 
63 
3.0 
0.6 
Figures in parentheses are ryegrass shoot weights at time of wheat 
-1 harvest (t ha at 100% DM). 
a 
a 
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a LSD represents the difference between cultivations where ryegrass and 
wheat shoot weights within a cultivation system are added. 
Grain yields and 1000 grain weights are at 85% DM. . 
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Figure 5.3: Total above-ground dry matter yields of winter wheat and 
perennial ryegrass. (a), 1983/84; (b), 1984/85. 
o , ploughed wheat (PW); /)., ploughed ryegrass (PR); 
., direct-drilled wheat (DOW); ., direct-drilled ryegrass (DDR). 
A vertical bar represents the LSD (P<0.05) between treatments. 
Times of anthesis are given by the arrows (wheat only). 
temperatures and high evaporation (Yatkin, 1975). In addition, there 
were never any visual signs of nitrogen deficiency in either of the 
crops throughout the experiment. 
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Only once was a significant effect of cultivation on shoot dry 
matter recorded. This was at the final sampling date of the first 
season (Table 5.2). On this occasion, cultivation as a treatment seemed 
to significantl~ favour dry matter production. However, since this 
occurred only after considerable crop senescence, it was not considered 
to be of great importance. 
The maximum dry matter production of both ryegrass treatments in 
the second season was approximately 30% less than in the first season. 
In contrast, the maximum dry matter production of the two wheat 
treatments barely differed between seasons. This suggests that the 
wheat was less affected by drought in the second season, probably 
because of its greater rooting depth compared to ryegrass (see Section 
5.3.2.3). 
5.3.1.4 Crop canopy development 
In both seasons, wheat established quicker than ryegrass. 
However, by approximately 140 days after sowing, the ryegrass had 
reached similar levels of crop cover to wheat (Figure 5.4). After 
reaching a maximum value of intercepted photosynthetically active 
radiation (PAR), the ryegrass tended to stay at that value whereas for 
wheat, the intercepted PAR started to decline after anthesis. This 
decline was more pronounced in the second season, indicating a greater 
rate of senescence probably due to drought. 
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Figure 5.4: 
Days after sowing 
Interception of photosynthetically active radiation (PAR) 
by winter wheat and perennial ryegrass. (a), 1983/84; (b), 
1984/85. Symbols as for Figure 5.3. A vertical bar represents 
the LSD (P<O.05) between treatments. Times of anthesis are 
given by the arrows (wheat only). 
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Towards the end of both seasons, direct-drilling as a treatment 
significantly favoured a greater interception of PAR compared with 
cultivation; this difference was most evident in the OOR treatment which 
intercepted significantly more PAR than the PR treatment from 
approximately 140 days after sowing in both seasons. The DOW treatment 
intercepted significantly more PAR than the PW treatment only after 
anthesis. 
For wheat, these results can partly be explained by the greater 
incidence of weeds on the direct-drilled plots. The incidence of weeds 
was greatest after anthesis when they would have provided a large amount 
of ground cover. Weed populations are commonly greater when arable 
crops are direct-drilled rather than drilled after cultivation (Arnott 
and Clement, 1966; Russell, E.W., 1975; Allen, 1981). In contrast, 
there was a greater weed infestation (in particular Capsella bursa-
pastoris) on the PR treatment than on the OOR treatment, especially in 
the second season. However, the difference in intercepted PAR between 
the ryegrass treatments generally reflected a more uniform crop 
establishment when the ryegrass was direct-drilled. When the different 
treatments were compared, there were no simple relationships between 
intercepted PAR and dry matter production. 
5.3.2 Root growth 
Some of the root results found in the present study 
differ sharply from previously published results (see Section 5.4.2). 
The results of the calibration exercises will therefore be presented 
first to verify that these differences were not a result of inadequate 
techniques used in the present study. 
5.3.2.1 Calibration of root measurement techniques 
(a) Core-break method (0-10 cm soil depth) One single 
linear relationship was used to convert the number of exposed living 
roots per cm2 midway down a core (N) to an equivalent rooting density 
-3 (Lv' cm root cm soil): 
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L 
v 
-0.18 + 6.84N .. . 5.1 
2 (n=43, r =0.87, P <0.001) 
Equation 5.1 summarises the results from all four sampling 
occasions. The equation appeared valid for both 0-5 cm and 5-10 cm soil 
depths and was unaffected by the type of crop, cultivation or the age of 
the root system. 
To convert rooting density (L ) to ash-free root dry weight (W , 
v r 
~g root cm-3 soil), separate relationships were needed for wheat and 
ryegrass. However, these relationships were not affected by 
cultivation. The best relationships obtained were geometric: 
Wheat 
Ryegrass Wr 
64.94 (L 1.22) 
v 
= 49.32 (L 1.27) 
v 
2 (n=22, r =0.81, P <0.001) 
2 (n=22, r =0.95, P <0.001) 
. . . s. 2 
.•. 5.3 
As with Equation 5.1, the above relationships seemed unaffected by 
the age of the root system. 
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(b) Tube method (soil depths > 10 cm) The relationship 
between the number of root intersects with the tube grid in a 5 cm 
increment (Z) and the rooting density in the adjacent bulk soil (L ) was 
v 
described best by a geometric equation: 
L 
v 2 (n=44, r =0.94, P <0.001) 
· .. 5.4 
As with Equation 5.1, separate calibration equations for each of 
the cropped treatments were unnecessary. The following equations best 
described the relations between Y
r 
and Lv for soil depths below 10 cm: 
Yheat Y = 102.22 (L 1.08) r v 2 (n=32, r =0.81, P <0.001) 
· .• 5.5 
Ryegrass Y 90.02 (L 1. 24) 
r v 2 (n=32, r =0.85, P <0.001) 
· •• 5.6 
As with the core-break method, the wheat and ryegrass treatments 
had different root length/weight relationships. However, once again 
neither the age of the root system nor cultivation appeared to affect 
these relationships. 
Equations 5.1 to 5.6 were used to estimate root length and weight 
distribution down the soil profile. These estimates were integrated to 
-2 calculate the total root length per unit surface area (L , cm cm ) and 
a 
the total ash-free root dry weight per unit area of ground surface 
-1 (converted to t ha ). 
The calibration equations derived from the 1983/84 results were 
assumed correct for the 1984/85 crops. A smaller calibration exercise 
made in the second season indicated that this assumption was valid. 
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The most common difficulty with many root measurement methods is 
distinguishing between living and dead roots (Jaques, 1956; Jaques and 
Schwass, 1956; Garwood, 1966,1967; Evans, 1970; Welbank et aI, 1974; 
Fogel, 1985). Both radioisotopic and staining techniques offer possible 
solutions for separating living from dead roots (Ueno et aI, 1967; 
Russell, R.S. and Ellis, 1968; Ellis and Barnes, 1973; Lupton et aI, 
1974; Ward et aI, 1978; McGowan et aI, 1983). 
In the present study, it was assumed that only live roots were 
counted around the tubes since once they had died, the roots became 
similar in colour to the soil profile and theoretically were not 
counted. For the core-break method, the test for a live root included 
whether it had an intact cortex. Although this was subjective, most 
methods of distinguishing between living and dead roots are based on 
visual assessment (Garwood, 1967; Gregory et aI, 1978a,1984; Ellis and 
Barnes, 1980; Drew and Saker, 1980a; Bragg et aI, 1983,1984; Braim et 
aI, 1984; Ellis et aI, 1984; McGowan et aI, 1984; Barraclough and Leigh, 
1984). 
It should be emphasised that the likelihood of including dead 
roots in the present estimates was further reduced by calibrating the 
core-break and tube methods against measurements of stained living 
roots. 
Finally, any method which uses a root count procedure is subject 
to errors if weeds are present (Pearson, 1974). Whilst every effort was 
made to keep the plots weed-free, weeds were present and it is possible 
that some of the roots counted were from weeds. 
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5.3.2.2 Total root production 
Total ash-free root dry weight input and total lengths of 
-2 root per unit area of ground surface (L , cm cm ) for both seasons are 
a 
shown in Figures 5.5 and 5.6. The patterns of root length and root 
weight development were very similar. 
At most sampling occasions, wheat produced significantly more root 
material than ryegrass. Overall, cultivation as a treatment had no 
significant effect on total root production. However, twice during the 
first season (5th and 6th sampling occasions), significantly more root 
material (length and weight) was present in the PW treatment than in the 
DDW treatment. This suggests that cultivating the soil might have 
provided a more favourable root environment for wheat root growth. 
In contrast, at the 4th, 7th and 8th sampling occasions of the 
second season, the DDW treatment contained significantly more root 
material (weight only) in the soil than the PW treatment. 
The rate of root growth differed between crops. In both seasons, 
wheat root production increased almost exponentially and reached a 
maximum shortly before anthesis. Similar patterns of wheat root growth 
have been reported in Europe (Troughton, 1962; WeI bank et aI, 1974; 
Gregory et aI, 1978a; Barraclough and Leigh, 1984). For ryegrass, the 
maximum size of the root system was attained later than for the wheat. 
In the first season, the ryegrass root system may not have reached its 
maximum size before harvest. In the second season, a peak of root 
production was reached shortly before harvest when conditions were 
particularly dry in the topsoil. Overall, the pattern of root 
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Figure 5.5: Total root lengths per unit area of ground surface 
of winter wheat and perennial ryegrass. (a), 1983/84; 
(b), 1984/85. Symbols as for Figure 5.3. A vertical 
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production reflected the perennial nature of the ryegrass unlike wheat, 
which has an annual growth cycle. 
Differences between the seasons in terms of the maximum returns of 
root material to the soil were most likely due to differences in the 
weather. In the second, drier season, the wheat treatments returned 
only approximately 70% of the maximum amount of ash-free root dry weight 
produced by the wheat in the first season. However, this smaller return 
of organic matter in 1984/85 was not associated with a reduction in 
either grain yield or total above-ground dry matter. This suggests that 
in 1983/84, there was an excess or luxury of wheat roots present. 
In contrast, the ryegrass treatments produced approximately 20% 
less ash-free root dry weight in the second season, with a corresponding 
30% reduction in the maximum above-ground dry matter produced. Perhaps 
in the second season the ryegrass root system was inadequate. 
5.3.2.3 Rooting depth 
Yithin each season, wheat was consistently deeper-rooted 
than ryegrass (Figure 5.7) and there were no significant differences in 
maximum rooting depths due to cultivation as a treatment. 
The maximum rooting depths for both wheat treatments were 114 cm 
and 146 cm for 1983/84 and 1984/85 respectively, indicating that when 
topsoil conditions were drier, the wheat was capable of exploring a 
greater depth of soil. Maximum rates of root penetration to depth for 
-1 -1 the two seasons were approximately 12 mm d and 14 mm d , similar to 
European results (Gregory et aI, 1978a; Barraclough and Leigh, 1984). 
E 
o 
...r::: 
+oJ 
a. 
Q) 
"'0 
0> 
C 
+oJ 
o 
o 
~ 
E 
:::J 
E 
>< 
CO 
~ 
80 
o 
60 
120 
Days after sowing 
160 
I I I I I 
180 
80 
o I 
60 
120 
180 
160 
I 
I 
240 
I 
240 
117 
( a) 
Figure 5.7: Maximum rooting depths of winter wheat and perennial ryegrass. 
(a), 1983/84; (b), 1984/85. Symbols as for Figure 5.3. 
A vertical bar represents the LSD (P<O.05) between treatments. 
Time of anthesis are given by the arrows (wheat only). 
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The maximum rooting depths for both ryegrass treatments were 78 cm 
and 84 cm for 1983/84 and 1984/85 respectively, with equivalent maximum 
-1 
rates of root penetration to depth of approximately 9 mm d and 
-1 7 mm d • These are typical of the range of values reported by Garwood 
(1967). Ryegrass was less able than the wheat to respond to the drier 
conditions in the second season and its maximum extension rate was 
slightly smaller than in the first season. 
5.3.2.4 Root diameters 
The root systems of both wheat and ryegrass fell into 
discrete bands related to the order of the root (Table 5.3). The 
smallest mean measured root diameters were 149 ~m and 107 ~m for wheat 
and ryegrass respectively. Although the root diameters of the two crops 
differed, cultivation did not affect the thickness of any particular 
root class. 
The diameters for wheat were generally smaller than those reported 
by Finney and Knight (1973). Values for root diameters of perennial 
ryegrass are scarce although published results for other grass species 
are broadly similar to the diameters found here (Pavlychenko, 1942 cited 
in Troughton, 1957). The results in Table 5.3 support the selection of 
pores> 100 ~m for the conceptual model (Section 3.2) as the smallest 
mean root diameter recorded here was 107~m. 
Table 5.3: Root diameters (~m) of winter wheat and perennial ryegrass 
Nodal axes 
10 Nodal laterals 
20 Nodal laterals 
Seminal axes 
10 Seminal laterals 
20 Seminal laterals 
"'heat 
491 ± 14 
171 ± 4 
141 ± 4 
375 ± 11 
193 ± 4 
149 ± 4 
Ryegrass 
587 ± 12 
195 ± 5 
121 ± 4 
187 ±,5 
127 ± 3 
107 ± 4 
Measurements were made 187 days after sowing in the 1984/85 season. 
Each mean represents a minimUm of 200 observations from at least 16 
separate plants. Tolerances are standard errors. 
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5.4 GENERAL DISCUSSION 
The results presented in this chapter show how winter wheat and 
perennial ryegrass grew when treated identically within a cultivation 
system over two seasons. Although many of the results may be of 
interest agronomically, the results of the root measurements are most 
relevant to this thesis and attention is primarily focused -on them in 
this general discussion. 
5.4.1 Validity of the root measurement techniques 
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Some workers have shown that the relationship between the 
number of root counts (in the tube and core-break methods) and measured 
root lengths changes during a season (Drew and Saker, 1980a; Bragg et 
aI, 1983). In the present study, calibration points (counts vs rooting 
density) were measured at four sampling occasions during the 1983/84 
season and were combined into one calibration equation for each method. 
The relationships obtained did not appear to be dependent upon the time 
of sampling or upon the crop or cultivation system used. This would 
suggest that the wheat and ryegrass had similar patterns of root 
branching. In other words, the proportion of laterals to main axes did 
not appear to differ between crops. The results of the root diameter 
measurements also helped to explain why Equations 5.1 and 5.4 were 
unaffected by cultivation since no differences were found between the 
root diameters of identical crops under the two cultivation systems. 
Where relationships between the number of root counts and measured 
root lengths have been shown to change during a season, the experiments 
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have usually been conducted on clay soils which are likely to shrink on 
drying so exposing preferential paths for root growth; this is unlikely 
to have occurred in this study. 
In addition, several authors have suggested that the specific root 
length (length per unit weight of root) changes not only with the age of 
the root system, but also with soil depth (~elbank et aI, 1974; ~ilhelm 
et aI, 1982; McGowan et aI, 1984). Such an effect might be expected if 
the soil environment for root growth changes; in less favourable 
environments, roots might be stubbier and thicker (Barber, 1971; 
Pearson, 1974; Rowse, 1974). In addition,~veryyoung root systems might 
have large specific root lengths, which decline rapidly as root 
thickening occurs or as the proportion of fine roots declines (Fitter, 
1985). 
However, Gregory et al (1978a) demonstrated that it was still 
possible to obtain a good linear relationship (r2=0.92) between root 
length of winter wheat and root dry weight in samples taken from 0-50 cm 
soil depth on five separate sampling occasions, supporting the results 
of this study. 
To resolve the apparent contrast between the conclusions of 
~elbank et al (1974), ~ilhelm et al (1982) and McGowan et al (1984) and 
those of this study, some data of ~elbank et al were re-analysed. These 
workers showed that the mean specific root length of winter wheat 
changed with sampling time and soil depth (Experiment 5, Table 17). 
~hen their rooting densities (L , cm cm-3) from all sampling occasions 
v 
and depths (Table 14) were regressed against root dry weight 
(~r' ~g cm-3), the following relationships were obtained for the 
Cappelle-Desprez winter wheat variety: 
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Linear: W 
r 
8.28 + 53.84L 
v 
.•. 5.7 
Geometric: W 
r 
70.47 (L 0.73) 
v 
2 (n=31, r =0.97, P <0.001) 
2 (n=31, r =0.95, P <0.001) 
2 Similar relationships and r values were found for the Maris 
••. 5.8 
Ranger winter wheat variety. Therefore, even under the experimental 
conditions of Welbank et aI's study, a single, reliable root 
length/weight relationship could have been used for all soil depths 
throughout a season. 
In this study, it was impossible for practical reasons to use one 
length/weight relationship for all soil depths even though the data were 
suitable. The two root measuring methods were calibrated independently 
over a period of twelve months and it was not certain until late in the 
study what the calibration exercises would reveal. In any case, the two 
length/weight relationships for the 0-10 cm and> 10 cm soil depths for 
each crop were derived for very different ranges of L . 
v 
5.4.2 Total root production 
Both Ehlers et al (1980/81) and Chaney et al (1985) 
reported greater total root lengths of cereals in cultivated soil than 
in direct-drilled soil. Ellis and Barnes (1980) reported the opposite. 
There was no consistent effect of cultivation on either of the two crops 
in the present study. It is therefore difficult to generalise if either 
cultivation system favours total root production. 
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Wheat left more root residues in the soil than ryegrass (Table 
5.4). The values for winter wheat in Table 5.4 are close to other 
measured values of root length and dry weight reported in the United 
Kingdom and in Europe (Table 5.5). However, published data for 
perennial ryegrass suggest that far greater quantities of root material 
(in terms of dry weight) should have been present. Only one value could 
be found for perennial ryegrass root length (Fairley, 1985). This 
reference is probably the most reliable of all the ryegrass references 
cited in Table 5.5, since staining was actually used to distinguish 
living from dead roots. 
Living ryegrass roots may not have been distinguished from dead 
roots in the investigations preceeding that of Fairley (1985). Indeed, 
the results from these earlier investigations were obtained under a wide 
and often ill-defined range of conditions. The very fact that no data 
are available for ryegrass root length from the investigations 
preceeding that of Fairley (1985) suggests that living roots were not 
separated from other macro-organic matter including stubble; some 
workers openly admitted this (Troughton, 1951,1961a; Garwood et aI, 
1972). In contrast, the workers who produced the wheat values usually 
clearly stated that living roots were separated from dead ones, albeit 
subjectively. 
It is also common to find root inputs expressed as a dry weight 
rather than as ash-free dry weight. Contamination by soil particles of 
the root samples and even by the mineral content of the roots themselves 
can cause inaccurate estimations of root returns (Commonwealth Bureau of 
Pastures and Field Crops, 1961; B6hm, 1979). 
Table 5.4: Maximum measured root length and ash-free root dry weight 
per unit area of ground surface of winter wheat and 
~perennial ryegrass in 1983/84 and 1984/85 
1983/84 
1984/85 
1983/84 
1984/85 
PW 
180 ± 19 
116 ± 4 
Treatment 
DDW PR 
-2 Root length (cm cm ) 
145 ± 19 103 ± 5 
133 ± 8 87 ± 8 
-1 Ash-free root dry weight (t ha ) 
1.86 ± 0.20 1.49 ± 0.19 0.84 ± 0.05 
1.10 ± 0.11 1.32 ± 0.09 0.69 ± 0.08 
DDR 
123 ± 6 
100 ± 8 
1.05 ± 0.06 
0.82 ± 0.07 
PW, ploughed wheat; DDW, direct-drilled wheat; PR, ploughed ryegrass; 
DDR, direct-drilled ryegrass. Tolerances are standard errors. 
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Table 5.5: A comparison of root growth measurements of winter wheat and 
perennial ryegrass 
Max. root length 
-2 (cm cm ) 
163 and 203 
138 
240 
199 and 289 
340 
Max. root dry wt. 
(t ha-1) 
Wheat 
1.97 and 2.60 
1.23 and 1.27 
1.05 
1.01 and 1.36 
Ryegrass 
3.89 (0-30cm) 
3.83 (0-15cm) 
1.94 (0-10cm) 
8.70 (0-15cm) 
13.00 (0-23cm) 
19.84 (0-23cm) 
5.5 
11. 59 (0-15cm) 
1.97 
Source of data 
Europe (Trough ton, 1962) a 
U.K. (Lupton et al, 1974) b 
U.K. (Gregory et al, 1978b) 
U.K. (Ellis et al,1984) 
U.K. (McGowan et al, 1984) 
U.K. (Barraclough and Leigh, 
1984)a 
U.K. (Baker, 1957) c 
N.Z. (Robinson and Jaques, 1958)d 
N.Z. (Robinson and Jaques, 1958)e 
U.K. (Garwood, 1960)f 
U.K. (Troughton, 1961a)g 
U.K. (Troughton, 1961b) h 
Germany (Bray, 1963) 
U.K. (Garwood et al, 1972)i 
U.K. (Fairley, 1985)j 
a Individual varieties; b Each value is the mean of more than one variety; 
c 6 months after sowing; d 12 months after sowing; e 4 months after 
sowing; f 10 months after sowing (ash-free); g 2-6 years after sowing 
(mean of 4 sites); h mean of 3 years sampling; i 4.5 years after sowing 
(ash-free); j approx. 12 months after sowing. Numbers in parentheses are 
soil depths to which measurements were made. Where parentheses are 
absent, the estimate is to at least 100 cm soil depth. 
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The estimates of the maximum return of ryegrass root material in 
the present study are still considerably less than those measured by 
Fairley (1985), who grew perennial ryegrass on an undisturbed site 
which, although grazed, received no N fertiliser. However, it is 
possible that the root systems of ryegrass did not reach their maximum 
size in either of the two seasons of the present field experiment, 
especially since the ryegrasswas sown about three weeks later in both 
seasons than would be normal practice. It is likely that root returns 
as large as those measured by Fairley (1985) could have occurred if the 
ryegrass had not been killed off. Therefore similar quantities of roots 
might be returned to the soil under ryegrass as under wheat on an annual 
basis (Clement and Williams, 1964; Garwood, 1966). 
The quantities of the maximum ash-free root dry weight returns of 
both crops quoted in Table 5.4 may considerably underestimate the true 
root returns because no account has been taken of root rhizodeposition. 
It is well known that living roots exude organic materials in the form 
of mucilage (Campbell and Rovira, 1973; Oades, 1978; Goss and Reid, 
1981). A combination of this mucilage and sloughed-off root cells from 
living roots is thought to be responsible for most rhizodeposition of 
organic materials (Shamoot et aI, 1968). The production of this organic 
material is also thought to increase in zones of localised water stress 
(Martin, 1977b). 
The amount of organic material lost from living roots has been 
investigated using radioisotopic methods by many workers. Results have 
shown that material equivalent to 20-80% of the harvested root dry 
weight may be lost through rhizodeposition (Shamoot et aI, 1968; Barber 
and Martin, 1976; Martin, 1977a; Johnen and Sauerbeck, 1977; Prikryl and 
Vancura, 1980; Lynch and Panting, 1980; Whipps, 1984). 
Unfortunately, most non-radioisotopic methods of root measurement 
are unable to measure root rhizodeposition which means that many 
published estimates of root weight probably considerably underestimate 
the true root returns (as in the present study) by an average of about 
50% of the maximum harvested root dry weight. 
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Finally, it is once again important to realise that the root 
measurements relate only to instantaneous amounts of visible roots. The 
average life expectancy for wheat and ryegrass roots under Canterbury 
conditions is not known. The possible extent of this underestimation is 
discussed in Chapter Six. 
5.4.3 Rooting depth and root distribution 
Both Hodgson et al (1977) and Drew and Saker (1980b) 
found similar rooting depths of cereals whether the crops were direct-
drilled or drilled after cultivation, supporting the results of this 
study. In contrast, Finney and Knight (1973) reported that direct-
drilling favoured a shallower wheat root system. As with total root 
production, it is difficult to generalise whether any particular 
cultivation system favours rooting depth, although a change in root 
distribution might be expected if cultivation induces differences in 
pore continuity (Goss et aI, 1984). 
Maximum rooting depths of wheat reported by Troughton (1962) 
varied from 45 cm to 125 cm. Wheat roots have commonly been known to 
penetrate deeper than 100 cm yet have frequently been ignored (Welbank 
et aI, 1974; Lupton et aI, 1974; Drew and Saker, 1980a,b; Ellis and 
Barnes, 1980; Ellis et aI, 1984). 
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The importance of roots below 100 cm was demonstrated by Gregory 
et al (1978b) who observed that although wheat roots below 100 cm 
comprised only 3% of the total dry weight, they were responsible for 
supplying almost 20% of the evapotranspiration by the crop during dry 
periods. Other reported values for maximum rooting depths of wheat are 
140 cm (Evans, 1976), 200 cm (Gregory et aI, 1978a), 160 cm (Biscoe et 
aI, 1975), 120 cm (Bragg et aI, 1984) and 180 cm (Barraclough and Leigh, 
1984). 
Some experiments on well drained soils in New Zealand suggest that 
ryegrass roots can penetrate to 140 cm(Evans, 1976) or 180 cm (Jaques, 
1956). Depths of ryegrass root penetration quoted in Troughton (1957) 
varied from 58 cm to 145 cm. It is quite possible that in both seasons 
of the present experiment, the ryegrass had not reached its maximum 
potential rooting depth and would have continued to grow deeper if it 
had not been killed off. 
Adopting a minimal tillage/cultivation system sometimes changes 
the pattern of root distribution in arable crops (Russell, R.S. et aI, 
1975; Cannell and Ellis, 1979; Allen, 1981). On some soil types, the 
omission of cultivation may result in a greater proliferation of cereal 
roots in the surface layers of soil throughout a season (Finney and 
Knight, 1973; Drew and Saker, 1978). However, it is also worth noting 
that in some instances, excessive cultivation causes the formation of a 
plough pan which confines roots to the cultivated layer and results in 
greater rooting densities in this region than in uncultivated soil 
(Ehlers et aI, 1980/81). In addition, whilst it may be common to find 
differences between cultivation treatments in root distribution in the 
early stages of growth, by anthesis these differences have often 
disappeared (Ellis et aI, 1977; Ellis and Barnes, 1980). 
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To check for any effect of cultivation on root distribution, the 
patterns of root length and ash-free root dry weight distribution were 
compared for both seasons at the time of maximum root production 
(Figures 5.8 and 5.9). The only statistically significant differences 
occurred in the second season, when cultivation resulted in less root 
material (length and weight) in the top 20 cm of soil for both wheat and 
ryegrass.This may have been due to the direct-drilled treatments 
maintaining a more favourable soil water (and/or nutrient) status in the 
0-20 cm soil depth during the second season, encouraging root growth in 
this depth (Drew and Saker, 1978). Measurements made in the 5-15 cm 
soil depth showed that more available water vas present in the direct-
drilled treatments than in the ploughed ones towards the end of the 
second season (see Section 7.3.2). Overall, similar quantities of root 
material were returned to the top 20 cm of soil under wheat and 
ryegrass. 
Cultivating the soil generally resulted in a more uniform root 
distribution with depth for both ryegrass and wheat in both seasons. 
Moreover, when compared with the DOW treatment, the PW treatment 
consistently produc~d more root material at depths below 20 cm although 
these differences were never significant at the 5% level. 
5.4.4 Yields of winter wheat 
Although direct-drilled cereal crops have been reported 
to yield significantly less than crops drilled after conventional 
cultivation (O'Sullivan and Ball, 1982; Cannell, 1985), often small and 
non-significant yield differences between cultivation treatments have 
also been reported (Hodgson et aI, 1977; Ellis et aI, 1977; Cannell et 
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Figure 5.8: Distribution of .root length of winter wheat (a) and perennial 
ryegrass (b) for 1983/84 and 1984/85 at the time of maximum 
root input. 0, direct-drilled; 0, ploughed. The figures in 
parentheses indicate the number of days after sowing when the 
maximum root input was achieved. A statistically significant 
difference between cultivation treatments at any depth is 
given by * (P<0.05). 
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Figure 5.9: Distribution of ash-free root dry weight of winter wheat (a) and 
perennial ryegrass (b) for 1983/84 and 1984/85 at the time of 
maximum root input. 0, direct-drilled; [], ploughed. 
The figures in parentheses indicate the number of days after 
sowing when the maximum root input was achieved. A statistically 
significant difference between cultivation treatments at any 
depth is given by * (P<O.05). 
aI, 1980; Yilhelm et aI, 1982; Cannell, 1985). Some have even reported 
larger cereal yields on certain soil types when the crops were direct-
drilled rather than drilled after conventional cultivation (Cannell et 
aI, 1980; Ellis et aI, 1982). In the present study, cultivation had no 
significant effect on grain yield of winter wheat in either season. 
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There is little published information of the effect of different 
cultivation systems on grain yields of cereals under Canterbury 
conditions. However, it seems that although differences in yields have 
been reported under different cultivation systems, there appear to be no 
consistent trends (Francis et aI, 1986). 
5.5 SUKHARY AND CONCLUSIONS 
Yinter wheat and perennial ryegrass were grown as annual crops 
under identical conditions within two cultivation systems (conventional 
cultivation and direct-drilling). The experiment was conducted over two 
seasons on a well-structured Yakanui silt loam. The objectives were to 
provide some essential data for the application of the conceptual model 
in Figure 3.1 and to observe how the agronomy of the two crops differed 
under the contrasting systems of management. Specific attention was 
given to the production of root material. Measurements made included 
total above-ground dry matter, root length and dry weight, rooting depth 
and interception of photosynthetically active radiation. 
The second season was much drier than the first. The wheat 
responded to the drier conditions by sending roots deeper into the soil 
profile and grain yields did not differ between seasons. Compared with 
the first season, ryegrass did not send roots deeper and total above-
133 
ground dry matter yields were smaller in the second season. Cultivation 
had no effect on maximum rooting depths of identical crops within a 
season. The two crops also appeared to have similar patterns of root 
branching. 
Wheat produced larger quantities of shoot dry matter than 
ryegrass. The wheat also ~stablished ground cover faster than the 
ryegrass. Overall, direct-drilling favoured a greater ground cover in 
both crops than drilling after cultivation. The ryegrass stands were 
more uniformly established when they were direct-drilled. Cultivation 
had no effect on the total amounts of above-ground dry matter of wheat 
or ryegrass. Wheat grain yields were similarly unaffected by 
cultivation. 
However, cultivation affected the total root production and root 
distribution of wheat. In the first season, total wheat root production 
was favoured by cultivation; in the second season, direct-drilling 
favoured total wheat root production. In contrast, cultivation had no 
significant effect on the total root production of ryegrass. 
Compared with direct-drilling, wheat root distribution with depth 
at the time of maximum root input was generally more uniform using 
cultivation and there was more root material at soil depths below 20 cm. 
In the second, drier season, there was more root material in the top 
20 cm soil depth of both wheat and ryegrass when the soil was direct-
drilled rather than cultivated. 
Some previously published results suggested that ryegrass returns 
far more root material to the soil than was estimated in this study. 
Reasons for this difference were discussed. 
In conclusion, there was no consistent effect of cultivation on 
total shoot and root production and rooting depths of either winter 
wheat or perennial ryegrass. Because the two crops returned similar 
quantities of root material to the top 20 cm soil, perennial ryegrass 
grown as an annual crop (e.g. for seed production) would be no better 
than winter wheat at maintaining levels of soil organic matter in this 
region if shoot residues were removed from the field or burnt. 
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CHAPTER SIX 
FIELD STUDIES OF SOIL STRUCTURAL CHANGES UNDER VHEAT AND RYEGRASS 
II. ROOT DEMOGRAPHY 
6.1 INTRODUCTION 
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Although the root inputs measured in Chapter Five were large, they 
were thought to underestimate the total amounts of root material added 
to the soil because no account could be taken of root rhizodeposition. 
Moreover, the root measurements related only to the instantaneous 
amounts of roots visible. 
The first experiment described in this chapter was designed to 
examine by how much measurements of the maximum instantaneous amounts of 
living roots underestimated the total returns of roots to the soil over 
one season. The rhizotron was chosen as a suitable method to be 
employed for this experiment, as it is has frequently been used in root 
research studies (Garwood, 1967; Taylor et aI, 1970; Pearson, 1974; 
Durrant et aI, 1973; Taylor and B6hm, 1976; Huck and Taylor, 1982; 
Carpenter et aI, 1985). However, although the rhizotron could be used 
to obtain estimates of root longevity and amount of root death, it was 
realised that it was not suitable to obtain quantitative data on root 
rhizodeposition. 
The second experiment described in this chapter was conducted to 
assess how quickly ryegrass roots decomposed once they had been killed. 
Information of this sort was needed to indicate how quickly macropores 
initially blocked by roots would become available for water and air 
movement and subsequent root growth. This second experiment was 
conducted using the core-break method (Section 5.2.6.3.). 
6.2 HATERIALS AND METHODS 
6.2.1 Rhizotron construction and installation 
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The rhizotron experiment was carried out during the 
1984/85 season. Eight rhizotrons were installed in the area of headland 
on the north side of the main field experiment (see Appendix 4). 
Installation was carried out immediately after drilling of the headland 
with winter wheat (Triticum aestivum L., cv. Rongotea). Eight pits 
(800 mm by 800 mm by 800 mm) were dug into which the rhizotrons were 
installed. Observation panels of 4 mm plate glass (800 mm by 400 mm) 
held at either end in rigid plastic frames were placed against the east-
facing wall of each pit. 
In order to achieve good contact between the glass panel and the 
soil surface, the area that was to be used for viewing was backfilled 
with fresh soil at appropriate field bulk densities. Steel and wooden 
pegs held the glass panels firmly in place. When not in use, the glass 
panels were covered first with a sheet of black polythene, followed by a 
panel of white polystyrene (20 mm thickness). These acted as light-
proof and heat-insulating covers. In addition, the pits were covered 
with sheets of black polythene which intercepted rainfall and drained it 
off into an adjacent water-collecting trench. Photographs of a 
rhizotron before and after insertion of a glass panel are shown in 
Plates 6.1 and 6.2. 
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Plate 6.1: Rhizotron pit before insertion of glass panel. The recessed 
area in the soil profile was backfilled with fresh soil at 
appropriate field bulk densities. Note the extensive mixing 
of the A and B horizons by earthworms. 
Plate 6.2: Rhizotron pit after insertion of glass panel. The permanent 
viewing area is covered with an acetate sheet ready for 
tracing the ryegrass roots. 
6.2.2 Root growth and death 
Four rhizotrons were used to study growth and death of 
roots of the wheat drilled in the headland. The other four rhizotrons 
were used to study growth and death of ryegrass roots (Lolium ~erenne 
L., cv. Nui) which was sown by hand over an area of 1 m2 behind the 
glass panels. As wheat was already sown in this area, the wheat seeds 
were removed as soon as they germinated. The distance between the 
plants nearest the glass panels and the panels themselves was set at 
5 cm to help minimise any root concentrating effects by the glass 
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panels. The experiment was divided into four blocks and treatments were 
allocated randomly within each block. 
Root measurements were made from 88 days after sowing until 
harvest. A permanent viewing area (300 mm long by 210 mm deep) was 
marked out on each glass panel, the top of which was 5 cm below the soil 
surface. Thus the viewing area encompassed soil depths between 5 cm and 
26 cm. It was decided to begin measurements at 5 cm soil depth (rather 
than at the soil surface) to minimise the amount of root material that 
would have to be traced when each measurement was made and yet still 
contain the area specifically chosen for the soil measurements (see 
Section 7.1). 
An A4 acetate sheet was placed over the viewing area and a record 
was made of all the living roots visible by tracing the roots on to the 
acetate sheet. During subsequent occasions, firstly the instantaneous 
length of living roots was traced on to a new acetate sheet, and then 
the length of new roots that had grown since the last occasion was 
traced. Estimates of root length recorded on the acetate sheets were 
made using the grid intersect method of Tennant (1975). In this way, a 
picture developed of both the cumulative sum of root growth and the 
instantaneous amount of living roots present as the season progressed. 
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Measurements of root length were made at approximately 20 day 
intervals. The roots were exposed to sunlight for the minimum possible 
time and were protected from direct sunlight while the measurements were 
being made. At the beginning of the season, living roots were easily 
identified by their healthy white appearance. Towards the end of the 
season, it became difficult to record the instantaneous amount of living 
roots. Careful observations had to be made of whether the root had an 
intact cortex and whether a root that appeared dead was in fact 
connected to healthy lateral branches. 
6.2.3 Root decomposition 
At regular intervals during the 1983/84 and 1984/85 
seasons, counts were made of the total number of exposed ryegrass roots 
midway down soil cores (54 mm i.d., 50 mm length) taken in the 0-5 cm 
and 5-10 cm soil depths of the DDF treatment in the main field 
experiment. The first count was made at the same time as the baseline 
soil measurements (see Section 7.2.1) when total numbers of exposed 
living and dead roots were counted. Eight replicates were taken at each 
depth (two per plot). Since the relationship between the number of 
exposed roots and actual rooting density was known to be linear 
(Equation 5.1), the results were expressed as a percentage of the 
original ryegrass root length. 
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6.3 RESULTS 
6.3.1 Instantaneous and cumulative living root lengths 
Root death was not apparent in the wheat roots until 
after 135 days from sowing. For ryegrass, root death was apparent after 
144 days from sowing (Figure 6.1). The results showed that the maximum 
instantaneous living root length underestimated the total cumulative 
root length by 45% (s.e. ± 4) and 36% (s.e. ± 3) for ryegrass and wheat 
respectively. There was no significant difference between the two 
underestimations at P <0.05. For both crops, new root growth was 
observed right up until the end of the season. However, the amount that 
was produced after 207 days from sowing was very small (only 
approximately 3% of the total amount of root produced by both wheat and 
ryegrass). Thus it was not simply dead roots which accounted for the 
underestimations of the cumulative amount of root produced, but also a 
small amount of root growth which occurred after the maximum 
instantaneous total was measured. 
6.3.2 Individual root longevity 
Root longevity was estimated by identifying individual 
roots recorded on a particular date and observing for how long that root 
continued to be traced in the measurements of instantaneous living root 
length. Three depths below the soil surface were studied: 7 cm, 14 cm 
and 21 cm. No distinction was made between nodal and seminal root axes 
or their lateral branches. One root at each depth was examined per 
rhizotron. Since some roots were still alive at the end of the 
experiment and it was not certain exactly when the first recorded roots 
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Figure 6.1: Comparison of instantaneous and cumulative living root 
lengths of winter wheat (a) and perennial ryegrass (b). 
----, cumulative total; ----, instantaneous total. 
Tolerances are standard errors. 
141 
(a) 
(b) 
• 
were produced (as measurements began 88 days after sowing), the 
calculated root longevities must be considered as minimum values. In 
addition, it should be realised that the intervals between measurements 
were approximately 20 days, thus adding a ± 10 day resolution error to 
the values of root longevity. 
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The results showed that the longevity of individual wheat roots 
was generally larger than the ryegrass roots (Table 6.1). The three 
soil depths studied appeared to have little influence on the root 
longevity of either crop except possibly in the ryegrass towards the end 
of the season. The most noticeable trend was for the wheat root 
longevity to become progressively smaller the later on in the season 
they were produced. Ryegrass root longevity appeared to remain fairly 
constant for the period during which the measurements were made, 
although there was an indication that root longevity was becoming 
smaller towards the end of the season when topsoil conditions were very 
dry. 
6.3.3 Root decomposition rate 
The ryegrass root decomposition rate followed classic 
exponential decay (Figure 6.2). There appeared to be no difference in 
the rate of root decomposition between either of the two soil depths 
that were examined. A highly significant (P <0.001) exponential 
equation was fitted to the data set with a half-life for root 
decomposition of 254 days: 
Table 6.1: Estimates of the longevity of winter wheat and perennial 
ryegrass roots 
Days after 
sowing when 123 133 150 169 194 
first observed 
Depth from soil R~egrass root longevit~ (da~s) 
surface (cm) 
7 54 ± 11 49 ± 7 45 ± 11 32 ± 7 29 ± 5 
14 39 ± 13 36 ± 5 39 ± 13 44 ± 11 38 ± 5 
21 48 ± 9 81 ± 21 56 ± 12 55 ± 11 42 ± 4 
Mean 47 ± 21 55 ± 8 47 ± 7 44 ± 6 36 ± 6 
Grand mean: 46 ± 5 
Days after 
sowing when 88 97 120 146 169 194 
first observed 
Depth from soil Wheat root longevit~ (da~s) 
surface (cm) 
7 81 ± 17 74 ± 18 57 ± 19 64 ± 14 47 ± 7 38 ± 
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5 
14 102 ± 20 93 ± 24 87 ± 16 61 ± 16 37 ± 12 33 ± 4 
21 57 ± 10 66 ± 26 79 ± 24 54 ± 18 55 ± 11 42 ± 4 
Mean 80 ± 16 78 ± 13 74 ± 11 60 ± 8 46 ± 6 38 ± 3 
Grand mean: 63 ± 7 
Tolerances are standard errors. 
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Figure 6.2: Rate of decomposition of perennial ryegrass roots in the 
0-10 cm soil depth of ft Wakanui-silt loam. The solid line 
is described by the exponential equation: 
y = 96 e- 2. 729 x 10-
3 
X (n= 34, r2 = 0.92, P<O.OOI) 
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2 (n=34, r =0.92, P <0.001) 
... 6.1 
where Y % of original ryegrass root 
X time (days) 
Thus in one year, 65% of the ryegrass roots would have decomposed 
to free channels for water and air movement and subsequent root growth 
under the conditions of this experiment. 
6.4 DISCUSSION 
As with most root measurement techniques, the major problem 
associated with the rhizotron method described in this chapter was the 
difficulty in distinguishing between living and dead roots (Section 
5.3.2.1). However, unlike the methods used for root measurement in 
Chapter Five, there was no way of assessing whether living and dead 
roots were successfully identified in the present rhizotron experiment. 
There was always the possibility that some roots which appeared dead 
(especially due to loss of the cortex) were in fact still functional 
(Deacon and Henry, 1981). Assuming that this error was small, the 
results clearly indicate that up to 45% of a root system may not be 
accounted for during a season if living root measurements are made only 
when the root system is thought to be at its maximum. 
The estimates of ryegrass root longevity were similar to those 
reported by Garwood (1967) in the United Kingdom. Garwood (1967) showed 
that ryegrass root longevity (as determined by the period which elapsed 
before the root cortex became brown when observed in a field rhizotron) 
varied between 61 and 188 days. Root longevity was largest when the 
roots were produced in autumn and winter and smallest when the roots 
were produced in spring or summer. The present experiment shows that 
similar patterns of ryegrass root longevity occurred; the largest 
ryegrass root longevity was 144 days since no root death was observed 
until 144 days after sowing (in October). By spring and summer, the 
ryegrass root longevity varied between 29 and 81 days (Table 6.1). 
Jaques (1956) also observed that root death of autumn-sown perennial 
ryegrass did not commence until October under New Zealand climatic 
conditions. Unfortunately, there seems to be little comparable data 
available on the root longevity of wheat roots. 
The ryegra~s root half-life of 254 days reported in this chapter 
is much longer than that suggested by Hart (pers. comm., 1985) for 
decomposable plant material; using a modification of the organic matter 
turnover model of Jenkinson and Rayner (1977), Hart (pers. comm., 1985) 
estimated that decomposable plant material would have a half-life of 
approximately 66 days (0.18 years) under Canterbury conditions. 
However, it is important to realise that root decomposition rates as 
assessed by visual observations would reflect a combination of 
decomposable and resistant plant material. The latter might have a 
half-life of nearer six years under Canterbury conditions (Hart, pers. 
comm., 1985). Thus resistant plant material such as lignins (the last 
of the major plant constituents to decompose) would have to fully 
disappear from view before a root could be counted as decomposed using 
visual observations. 
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Weaver (1947) estimated that young roots of perennial grasses 
could completely disappear by two years (as measured by root washing and 
weighing). This result agrees well with the results of the present 
rhizotron experiment; after two years, only 13% of the root material 
would be left in the soil as calculated using Equation 6.1. 
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The root decomposition half-life of 254 days could be an 
underestimate of the probable half-life under a cropped area. The 
measurements were made on fallow plots which were usually wetter than 
the cropped plots (see Figure 7.3); in addition, there would have been 
no suppression of organic matter decomposition by the presence of living 
roots (Reid and Goss 1982b,1983; Sparling et aI, 1982). 
The information revealed by the rhizotron experiment, in 
conjunction with estimates of root rhizodeposition from the literature, 
can now be used to estimate the likely total returns of root organic 
matter by both the winter wheat and perennial ryegrass crops grown in 
the main field experiment. For this calculation, it was assumed that 
50% of the total return of root organic matter was lost by 
rhizodeposition on the basis of the discussion in Section 5.4.2. In 
addition, it was assumed that the results of the root length 
underestimations (Section 6.3.1) applied equally to root weight. The re-
calculated root returns showed that a measurement of the maximum 
instantaneous amount of wheat and ryegrass roots could underestimate the 
likely total returns by approximately 60% (Table 6.2). 
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Table 6.2 Estimated total returns of root organic matter (as ash-free 
root dry weight) from winter wheat and perennial ryegrass in 
1983/84 and 1984/85 
PW 
1983/84 
Measured a 1.86 
Root death b 1.05 
Rhizodeposi tion c 1.46 
Total 4.37 
1984/85 
Measured a 1.10 
Root death b 0.62 
Rhizodeposition c 0.86 
Total 2.58 
-1 Ash-free root dry weight (t ha ) 
DDW PR 
1.49 0.84 
0.84 0.69 
1.17 0.77 
3.50 2.30 
1.32 0.69 
0.74 0.56 
1.03 0.63 
3.09 1.88 
DDR 
1.05 
0.86 
0.96 
2.87 
0.82 
0.67 
0.75 
2.24 
a Maximum value. 
b Calculated assuming that the measurement of the instantaneous amount 
c 
of root organic matter underestimated the real maximum by 36% and 45% 
for wheat and ryegrass respectively. 
Calculated assuming that material equivalent to 50% of the maximum 
root organic matter input was released into the soil during the root 
growth period. 
PW, ploughed wheat; DDW, direct-drilled wheat; PR, ploughed ryegrass; 
DDR, direct-drilled ryegrass. 
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6.5 SUHHARY AND CONCLUSIONS 
Rhizotrons were used to estimate by how much measurements of the 
maximum instantaneous amount of living wheat and perennial ryegrass 
roots underestimated the total return of root organic matter to the soil 
over one season. 
It was found that a measurement of the maximum instantaneous 
amount of living roots underestimated the total cumulative amount by 36% 
and 45% for wheat and perennial ryegrass respectively. This error was 
due to root death before the measurement was made and by a small amount 
of root growth after the measurement was made. When estimates of root 
rhizodeposition were included in the calculation, it was found that a 
measurement of the maximum instantaneous amount of living wheat or 
perennial ryegrass roots might account for only approximately 40% of the 
total likely root return under Canterbury conditions. 
To assess how long it would take for roots to free macropores for 
water and air movement and subsequent root growth, estimates were made 
of the rate of decomposition of perennial ryegrass roots using visual 
observation. The rate of root decomposition followed classic 
exponential decay with a half-life of 254 days. This slow rate of 
decomposition would support the suggestion made in Section 5.4.2 that 
estimates of the root returns by ryegrass crops made by some workers may 
have been too large because of a failure to discriminate between living 
and dead roots. 
The implications of the results in this chapter would be of 
considerable importance for future studies of soil organic matter 
turnover. 
CHAPTER SEVEN 
FIELD STUDIES OF SOIL STRUCTURAL CHANGES UNDER WEAT AND RYEGRASS 
III. SOIL HEASUREHENTS 
7.1 INTRODUCTION 
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This chapter describes the results of the soil measurements made 
in the field experiment described in Chapter Five. The conceptual model 
(Figure 3.1) was used to select the most appropriate measurements, which 
were ·broadly divided into two categories: those made in situ 
(infiltration rate, air permeability after infiltration), and those made 
in the laboratory on soil from the the 5-15 cm depth (soil dry bulk 
density, total and macroporosity, saturated hydraulic conductivity, soil 
water content and assessment of earthworm channelling). In addition, a 
wet-sieving study was undertaken in the second season to assess whether 
aggregate stability could be used as an indicator of macropore 
stability. Earthworm numbers were also assessed once during the 
experimen t • 
The 5-15 cm soil depth was specifically chosen for study using the 
model because it represented the middle of the region most likely to be 
affected by the cropping system. 
On average, soil measurements were made every five to six weeks. 
When~ossible, they coincided with the crop measurements already 
described (Section 5.2.6). A major reason for making soil measurements 
so regularly was because changes in soil pore geometry with time are 
common but are frequently ignored in tillage studies (Klute, 1982). 
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Apart from providing data to assess the relative importance of the 
processes changing E100 in the conceptual model in Figure 3.1, the soil 
measurements were also carried out to observe whether any change in soil 
physical properties could be accounted for by the presence of a crop per 
se. The actual application of the conceptual model using results 
reported in Chapters Five and Six and this chapter is presented in 
Chapter Eight. 
7.2 HATERIALS AND METHODS 
. 7.2.1 Sampling procedure 
The first series of soil measurements was made before any 
tillage or drilling operations were carried out to test the initial 
variability of the field site (see Section 7.2.4). There were no 
significant differences between areas assigned for the different 
treatments. Five days were usually needed to complete a series of soil 
measurements in the field and it was assumed that changes in the soil 
structure during this period were negligible. The in situ field 
measurements were usually made on the same days as the measurements in 
the 5-15 cm soil depth, although occasionally this was not possible. 
7.2.1.1 Infiltration rate 
The double ring infiltration method was chosen for 
studying the topsoil transmission properties in situ (Swain, 1971; 
Ravina, 1982). 
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An outer ring of 600 mm in diameter and an inner ring of 300 mm in 
diameter were placed concentrically on the soil surface. Plant shoot 
material had previously been removed from this area (Section 5.2.6.1). 
The rings were 100 mm deep and were inserted approximately 30 mm into 
the soil. Yater was then ponded on the soil surface of both rings to a 
depth of not more than 40 mm and was maintained at a fixed level in both 
rings. 
To avoid damaging the inner ring soil surface by the action of 
water being poured into it, a polystyrene square (200 mm by 200 mm) was 
placed over the soil surface when water was applied. As antecedent soil 
water content influences infiltration rates (Tisdall, 1951), water was 
ponded on the soil surface until the infiltration rate became steady. 
This was usually achieved within 60 minutes (Appendix 5). The rate of 
water addition necessary to maintain a constant head of water in the 
inner ring was used to calculate the steady-state infiltration rate 
-1 (IR, cm h ). 
Yhen the infiltration rate was steady for each measurement, a soil 
thermometer was inserted 50 mm into the soil of the outer ring to record 
the soil/water temperature. This temperature was used to standardise 
the steady-state infiltration rate using the following equation: 
I~ ... 7.1 
-1 
where IRT = infiltration rate at measured temperature T (cm h ), ~ = 
o 
viscosity of water at temperature T, n15 = viscosity of water at 15 C 
and IR15 = corrected infiltration rate. Once an infiltration 
measurement was complete, the rings were carefully removed and the area 
covered with black polythene sheeting. 
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There are many indications that lateral flow may occur beneath the 
inner ring despite the presence of an outer ring (Swartzendruber and 
Olsen, 1961a,b; Massey, 1969,1970; Thomasson and Youngs, 1975; Tricker, 
1978; Bouwer, 1986), even though the method was originally designed to 
measure vertical infiltration (Parr and Bertrand, 1962). This was an 
advantage for the present study because it would enhance the sensitivity 
of the results to topsoil conditions (the region most important to crop 
growth and most affected by management.) 
Considerable lateral flow probably occurred on the present site 
under both direct-drilled and ploughed treatments despite the wetting 
front reaching at least 70 cm (Appendix 6). When 139 mm and 269 mm of 
water was applied to the inner ring on a DDW and PW treatment 
respectively (during the last sampling occasion), only 110 mm and 102 mm 
was accounted for by soil water content changes beneath the area of the 
inner ring 24 hours after the water ponding had ceased. 
7.2.1.2 Air permeability 
Twentyfour (± 2) hours after the infiltration measurement 
had been completed, the air permeability (K . , m2 ) was measured in situ 
aIr 
on the area of soil where the inner ring had originally been inserted 
(Green and Fordham, 1975). Compressed air was passed through a flow 
meter into a plasticcorer(100 mm in length, 104 mm Ld.) which had been 
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driven into the moist soil. Two measurements were made within the inner 
ring area. K i was calculated using the following equation: 
a r 
3 -1 
where V = flow rate (m s ), 1 = length (m), n = viscosity of air 
-2 2 (N s m ), A = cross-sectional area of the core (m ) and P = the 
3 -2 pressure difference (2.7 x 10 N m ). 
.•. 7.2 
K. was measured primarily to assess how well the infiltrated 
aIr 
sites had drained in 24 hours. The measurement can be very sensitive 
not only to changes in moisture content and macroporosity, but also to 
soil compaction (Tanner and Wengel, 1957; Green and Fordham, 1975). 
Furthermore, the K. results might reflect structural stability because 
aIr 
decreases in K. between sampling occasions could be due to loss of 
aIr 
natural pores between sampling occasions and/or loss of pores during and 
after the infiltration measurement. However, since the topsoil 
aggregate stability class (Emerson, 1967) was eight, loss of porosity 
due to slaking or dispersion would probably be minimal under prolonged 
wetting on this site. 
7.2.1.3 Soil cores 
Undisturbed soil samples were taken by driving plastic 
1;*, 
coreri(100 mm in length, 104 mm i.d.) into the 5-15 cm soil depth of 
each plot. One core was taken per plot at each sampling occasion always 
by the same operator. During dry conditions, the soil had to be wetted-
up and allowed to drain overnight to make it possible to take the cores 
,* I 3 mm wall thickness 
I 
I 
I· 
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satisfactorily. The cores were trimmed flush at either end, weighed and 
the lower surface was covered with fine nylon cloth. The following set 
of measurements was then carried out on each core: 
1. The cores were allowed to stand on saturated sand for up to 72 
hours. 20 ml of 4% formaldehyde was poured over the tops of the 
cores to flush out earthworms. This was not always entirely 
successful. 
2. The cores were placed on tension tables set at a matric potential 
(~) of -30 cm and were left to equilibrate. This usually took 
less than five days. After equilibration, the cores were weighed 
and used for determination of saturated hydraulic conductivity 
(K t) and assessment of earthworm channelling. Thereafter they 
sa 
were dried at 1050 C and weighed. Amounts of total porosity (E t , 
3 -3 3 -3 cm cm ) and macroporosity (E100 , cm cm ) were calculated as: 
... 7.3 
where Db is the soil dry bulk density (g cm-3) and Dp is the soil 
particle density (g cm-3), and: 
E100 = Et - 9v (at ~ of -30 cm) ..• 7.4 
Particle density was determined by the method of Gradwell (1972). 
The method for calculating Et differed from Section 4.2.4.1 
because the field cores were too large to obtain reliable 
estimates of Et using their volumetric water contents at 
saturation. 
3. A constant head method similar to that described by Klute (1965) 
was used to measure K
sat (Figure 7.1). The level of water was 
adjusted so that it just wetted the base of a core once clamped 
in. The core was lowered 2 cm and allowed to stand for 10 
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minutes. It was then lowered 2 cm every minute until a 10 cm head 
was established. As soon as water appeared from the top of the 
apparatus, it was collected and the flow rate was measured over a 
period of five minutes. The flow rate during this period was 
assumed to represent steady-state conditions. Preliminary 
measurements on this site showed no significant differences in the 
flow rate between the time when water was first collected from the 
apparatus and 60 minutes after that time. This result applied to 
both ploughed and direct-drilled treatments. Darcy's Law was used 
-1 0 to calculate K t (cm h ) which was standardised to 15 C using sa 
Equation 7.1. The careful wetting-up procedure was adopted since 
IMcIntyre et al (1979) warned that estimates of K t could be' 
I 
sa 
markedly affected by incomplete saturation. 
4. Following the K t measurement the cores were allowed to drain for 
sa 
24 hours at a matric potential of -30 cm. The soil was then 
exhumed from the cores and broken in half for earthworm 
channelling measurements. Counts were made of the number of round 
shaped holes greater than 1-2 mm in diameter which were visible to 
the naked eye on both upper and lower soil surfaces at 10 cm soil 
depth. 
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Figure 7.1: Schematic diagram of apparatus used to measure saturated 
hydraulic conductivity. (a), before wetting up; (b), after 
wetting up. 
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7.2.1.4 Vet-sieving analyses 
Wet-sieving analyses were carried out in the 1984/85 
season only using the same procedure as in Section 4.2.4.3. This 
procedure measured the mean weight diameter (MWD) of whole soil samples 
sieved through 4 mm and gave a potential maximum value of 3.00 mm and a 
potential minimum value of 0.25 mm. Only the tension-wet and immersion-
wet methods were used. Soil was collected from the 5-15 cm soil depth, 
immediately passed through a 4 mm sieve and air-dried at 250 C. 
7.2.2 Estimation of earthworm population 
Earthworm populations were examined during September 
1984. They were hand sorted from an area of 23 cm by 23 cm which had 
previously been used for infiltration. All the sampling sites were 
therefore at a similar moisture content. Sampling was carried out to at 
least 50 cm depth. The earthworms could only be analysed statistically 
2 
as total numbers per m since the population appeared highly anormal 
when analysed in terms of species and/or maturity. Two replicates per 
treatment were sampled. 
7.2.3 Grass reference area 
The grass reference area (GRA) was regularly sampled in 
the 5-15 cm soil depth to help interpret the field experimental data. 
However, for practical reasons, infiltration and air permeability 
measurements were made on the GRA only in the first season. Replication 
was fourfold. 
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7.2.4 Statistical analysis 
McIntyre and Tanner (1959) found several instances of 
anormal distributions in soil physical measurements. As a result, all 
the baseline soil physical measurements were tested for normality. It 
was not found to be necessary to log transform any of the data, contrary 
to the findings of McIntyre and Tanner (1959). However, results for air 
permeability (K . ) and saturated hydraulic conductivity (K t) required 
alr sa 
square root transformation before statistical analysis. The results for 
these two measurements are expressed in their transformed state. No 
other transformations were carried out. During each statistical 
analysis, checks were also made on the homogeneity of the variance 
between treatments. 
The soil data was analysed as in Section 5.2.7. Results were 
analysed for a crop effect (PW+DDW vs PR+DDR vs PF+DDF), a cultivation 
effect (PW+PR+PF vs DDW+DDR+DDF) and individual treatment effects. 
7.3 RESULTS AND DISCUSSION 
Unless otherwise stated, where a significant result is presented, 
the level of significance is at P <0.05. 
All the graphs of the soil measurements show lines drawn through 
the means of the treatments within a cultivation system. This was done 
not only for illustrative simplicity, but also because many of the soil 
results did not reveal any consistent and significant differences 
between treatments within a cultivation system. Day 0 on all these 
graphs is 25/4/83. 
Yhen reference is made to the first or second ploughing or the 
ploughed treatments, the use of the word ploughing includes associated 
cultivation. 
70301 Infiltration rate and air permeability 
The infiltration rates (IR) were very large (Figure 
702a). Much smaller infiltration rates on a nearby Templeton silt loam 
(about 4 cm h-1) have been recorded (Gillingham, 1964). The estimates 
showed considerable variation between sampling occasions, especially 
160 
towards the end of the first season (days 150 to 250). This variability 
could ·have been due to soil textural variability between sampling sites 
(Figure 5.1). Another explanation is that the method was genuinely 
sensitive to topsoil conditions, especially if there was a layer of 
restricted hydraulic conductivity deeper in the soil profile (see Table 
7.2). 
In general, cultivation as a treatment significantly favoured a 
larger mean IR than direct-drilling (Figure 7.2a). Cultivating the 
original pasture resulted initially in a soil structure with a very 
-1 large IR (30-40 cm h ), but these values of IR started to decrease 
after approximately 120 days from the first ploughing. The second 
ploughing had the opposite effect in that it actually caused a decrease 
in IR. This result was supported by other soil measurements (see 
below). The additional seedbed preparation in the second season may 
have been partly responsible for the decrease in IR. The estimates of 
IR for the direct-drilled treatments showed a very gradual decrease 
throughout the experiment. 
-
""'" I 
.c 
E 20 o 
a:: 
-
E 
>< 
<0 
o ,.... 
9 
o 
161 
(a) 
I I I I I I 
350 700 
I I I I I I II I I I I I 
H 
~ 
• • 
1 L' __ L--L~~~ __ L--L __ LI~~~~~~~~~~I 
o 350 700 
Time (days) 
Figure 7.2: Changes in steady-state infiltration rate (IR) and air permeability 
after infiltration (Kair) over two seasons. (a), IR; (b), Kair; 
----, mean of ploughed treatments; ----, mean of direct-drilled 
treatments. Times of ploughing (P) and harvest (H) are shown. 
o , ploughed fallow (PF); 0, ploughed wheat (PW); 6., ploughed 
ryegrass (PR); ., direct-drilled fallow (DDF); ., direct-drilled 
wheat (DOW); A, direct-drilled ryegrass (DDR). A vertical bar 
represents the LSD (P<O.05) between cultivation means. 
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There were occasions when significant differences between 
treatments within a cultivation system occurred but these had always 
disappeared by the next sampling occasion, so it was difficult to 
interpret whether they were important. Thus there was no consistent 
significant difference in IR between the individual treatments within a 
cultivation system. This could indicate either that the presence of a 
crop was unimportant or that the measurement was simply not sensitive 
enough to detect any differences. 
The particularly large IR for the PR treatment which occurred 
after the fallow period between the seasons (day 378) may have been 
genuine, especially if the result was associated with freeing of old 
root channels or with worm channels. Several workers have indicated 
that root or worm channels and even plant stems are important for water 
movement (Clarke et aI, 1967; Saffigna et aI, 1976; Kanchanasut and 
Scotter, 1982) and improvements in infiltration properties have been 
observed under certain crops including grass (Williams and Doneen, 1960; 
Clarke et aI, 1967; Lal et aI, 1979; Yaccob and Blair, 1981). 
Nevertheless, it is difficult to see why this particular result should 
be confined to the one cropped t~eatment. 
The air permeability (K . ) results in the first season were 
aIr 
similar to the infiltration results in that cultivating the soil 
generally favoured a larger mean K. after infiltration than when it 
aIr 
was direct-drilled (Figure 7.2b). However, in the second season, 
direct-drilling the soil often significantly favoured a larger mean K . aIr 
than when it was cultivated. Whilst there were never any significant 
differences in K. between the ploughed treatments, there were several 
aIr 
occasions when the direct-drilled treatments were significantly 
different from each other. For example, the K i of the DDF treatment 
a r 
was significantly lower than the Kair of the DDR and DDW treatments on 
the last five sampling occasions of the second season. 
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There were also several occasions when the mean K. of the fallow 
alr 
treatments was significantly smaller than the mean K. of the wheat and 
alr 
ryegrass treatments. This result might suggest that a crop effect was 
being isolated irrespective of cultivation. Such a crop effect was not 
always confined to the presence or absence of a crop, but occasionally 
to the presence of a particular crop. An example of this was on the 7th 
and 8th sampling occasions after the baseline measurements had been 
made, when the mean Kair of the wheat treatments was significantly 
smaller than the mean K. of the ryegrass treatments. However, because 
alr 
this result was not consistent, it was difficult to assess its 
importance. 
Measurements of IR and K. were also made on the grass reference alr 
area (GRA), but only during the first season. Although fluctuations 
occurred in the GRA measurements, they did not appear to differ from the 
original baseline values. 
7.3.2 Soil water content 
During the first season, there was no effect of 
cultivation on the soil water content (9 ) of the treatments in the 
v 
5-15 cm soil depth (Figure 7.3). However, a crop effect developed 
irrespective of cultivation in that the fallow treatments remained 
significantly wetter than all the cropped treatments after about 170 
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Figure 7.3: Changes in soil water content (ev) in the 5-15 cm soil depth 
over two seasons. ----, mean of ploughed treatments; 
----, mean of direct-drilled treatments. Times of ploughing 
(P) and harvest (H) are shown. Symbols as for Figure 7.2. 
A vertical bar represents the LSD (P<O.05) between cultivation 
means. 
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days from the baseline measurements. On the 6th sampling occasion after 
the baseline measurements were made, the ryegrass was significantly 
wetter than the wheat, but this was not a consistent trend. 
In the second season, after about day 550, e estimates at 
v 
5-15 cm depth on the cropped treatments were again consistently and 
significantly smaller than the fallow treatments. On the last two 
sampling occasions before the final sampling, e was also significantly 
v 
smaller beneath wheat than ryegrass. However, by the last sampling 
occasion, the situation had reversed presumably because of greater 
senescence of the ground cover in the wheat than in the ryegrass. A 
cultivation effect also developed in the second season; the last three 
sampling occasions all showed that the soil was wetter when it was 
direct-drilled than when it was cultivated. 
Throughout both seasons, the pattern of e changes at 5-15 cm soil 
v 
depth for the GRA and DDR treatments were similar. 
7.3.3 Soil dry bulk density and total porosity 
By definition, for a given soil, soil dry bulk density 
(Db) and total porosity (E t ) are inversely related (Equation 7.3). Only 
the total porosity results are discussed in this section since any 
significant differences in total porosity between treatments were 
reflected by opposite but similar differences in soil dry bulk density 
(Figure 7.4). 
Cultivating the soil consistently and significantly favoured a 
larger mean Et than direct-drilling it (Figure 7.4b). The direct-
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Figure 7.4: Changes in soil dry bulk density (Db) and total porosity (Et) 
in the 5-15 cm soil depth over two seasons. (a), Db; (b), Et; 
----, mean of ploughed treatments; ----, mean of direct-drilled 
treatments. Times of ploughing (P) and harvest (H) are shown. 
Symbols as for Figure 7.2. A vertical bar represents the LSD (P<O.05) between cultivation means. 
(a) 
drilled treatments showed a very gradual decrease in Et . There were no 
significant differences in Et between the direct-drilled treatments, 
although the Et estimates for the DDF treatment were consistently 
smaller than those for the the DDR and DDY treatments after 
approximately 120 days. 
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The first ploughing produced a large Et in the 5-15 cm soil depth. 
However, it is clear that this large Et was very unstable as it 
decreased sharply after ploughing. Nevertheless, Et remained larger in 
the ploughed treatments compared with Et in the direct-drilled 
treatments. The second ploughing failed to increase Et to the same 
amount as the first ploughing. Once again, this result may be partly 
explained by the additional seedbed preparation that was needed in the 
second season. 
At several sampling occasions, there were significant differences 
in Et between the ploughed treatments. As with the results of the 
infiltration measurements, these differences were mostly transient. 
However, it is difficult at this stage to explain why the PF treatment 
showed a gradual increase in Et during the last three sampling occasions 
of the second season. 
The results from the GRA showed that Et remained close to the mean 
of the direct-drilled treatments throughout the whole experiment. 
Generally the values of Db and Et recorded in this experiment were 
within typical values that have been recorded for nearby soils 
(Gillingham, 1964; Lance, pers. comm., 1985) and could not be considered 
as limiting to crop growth (McDonald, 1961). 
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7.3.4 Hacroporosity and saturated hydraulic conductivity 
The change in macroporosity (E100) closely mirrored the 
change in Et (Figure 7.Sa). This suggests that fluctuations in Et could 
be mainly accounted for by a change in E100 (see Section 7.4.3). 
Cultivating the soil significantly favoured a larger mean E100 
than direct-drilling it up to day 400. After this time, there were no 
significant differences in E100 between the means of the cultivation 
treatments except at the last two sampling occasions of the second 
season. At these occasions, the mean E100 was again significantly 
larger when the soil was cultivated than when it was direct-drilled; 
this result was largely due to a marked increase in E100 in the PF 
treatment. 
All three direct-drilled treatments showed a very gradual decrease 
in E100 , but there were never any significant differences in E100 
between them. There were occasional significant differences in E100 
between the ploughed treatments, but the only consistent trend was 
towards the end of the second season with the largest estimates of E100 
associated with the PF treatment. Overall, E100 appeared to decrease 
with time in the ploughed treatments and there was no net increase in 
the mean E100 immediately after the second ploughing. 
The estimates of K t were the most variable of all the soil sa 
measurements made. Nevertheless, in the first season on all but one 
sampling occasion, cultivation as a treatment always produced a 
significantly larger mean K t than direct-drilling (Figure 7.Sb). The sa 
decrease in Ksat in the ploughed treatments closely mirrored the 
decrease in E100 • 
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Figure 7.5: Changes in macroporosity (E100) and saturated hydraulic 
conductivity (Ksat) in the 5-15 cm soil depth over two seasons. 
(a), E100; (b), Ksat; -, mean of ploughed treatments; ----, 
mean of direct-drilled treatments. Times of ploughing (P) and 
harvest (H) are shown. Symbols as for Figure 7.2. A vertical 
bar represents the LSD (P<0.05) between cultivation means. 
There were few significant differences in K t between the means 
sa 
of the cultivation treatments in the second season. In this season, 
there was a trend for the ploughed treatments to have a smaller mean 
K than the direct-drilled treatments, but this was significant on 
sat 
only one occasion. The second ploughing clearly failed to increase 
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K t decreased only very slightly throughout the experiment under 
sa 
direct-drilling. 
The results for the GRA generally followed a similar pattern of 
change to the direct-drilled treatments. There was also a very gradual 
decrease in E100 , and Ksat for the GRA was always indistinguishible from 
the direct-drilled mean. 
It is difficult to find published values of E100 and Ksat for 
nearby soils, yet the values recorded here do not appear atypical 
(Lance, pers. comm., 1985). 
7.3.5 Earthworm channelling 
In both seasons, cultivation as a treatment destroyed 
earthworm channels (Figure 7.6). However, cultivation did not greatly 
impair earthworm activity as indicated by the rate of increase in the 
number of earthworm channels following each ploughing. Nevertheless, 
from about the middle of the first season, the mean number of earthworm 
channels in the ploughed treatments started to decrease and it became 
significantly less than in the direct-drilled treatments. Throughout 
the second season, the direct-drilled treatments had significantly 
larger numbers of earthworm channels per m2 in the 5-15 cm soil depth 
than the ploughed treatments. 
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Figure 7.6: Changes in the number of earthworm channels (> 1-2 mm diameter) 
at 10 cm soil depth over two seasons. --, mean of ploughed 
treatments; ----, mean of direct-drilled treatments. Times of 
ploughing (P) and harvest (H) are shown. Symbols as for Figure 
7.2. A vertical bar represents the LSD (P<0.05) between 
cultivation means. 
The second season showed a large increase in the number of 
earthworm channels in the DDF treatment and for the last three sampling 
occasions, this treatment had the largest number of earthworm channels 
(Figure 7.6). A similar trend was possibly starting with the PF 
treatment. Reasons for the behaviour of the fallow treatments are 
discussed in Section 7.4.2. 
In the GRA, the number of earthworm channels followed the pattern 
of the DDW and DDR treatments. In particular, there was no suggestion 
that earthworm activity was greater under the original pasture than 
under the DDR treatment. 
7.3.6 Earthworm population 
172 
After a period of only 16 months, many changes had 
occurred in the earthworm population (Table 7.1). Whilst the effect of 
cultivation on total numbers was not quite significant at the 5% level, 
a crop effect had emerged where there were significantly more earthworms 
in the ryegrass treatments than in the fallow and wheat treatments. 
With the exception of the DDW treatment, the only species 
identified were Aporrectodea caliginosa and Aporrectodea trapezoides, 
both known to be common in New Zealand (Hartin, 1977). Host of the 
earthworms were immature. In the fallow treatments, there were 
exceptionally few mature earthworms which helps to explain why the total 
populations in these treatments were smaller than in the cropped 
treatments. 
Table 7.1: Effect of different cropping systems on earthworm 
populations after 16 months 
PF 
PY 
PR 
DDF 
DDY 
DDR 
LSD 
GRA 
Total 
Population 
2 per m 
302 
595 
1332 
832 
964 
1351 
534 
1120 
No. of 
A. caliginosa 
(1M) (M) 
255 
(255) (0) 
444 
(435) (9) 
1011 
(1011) (0) 
501 
(492) (9) 
813 
(764) (49) 
1200 
(1162) (38) 
ND 
940 
(794) (146) 
LSD = least significant difference (P <0.05). 
ND = not determined. 
1M = immature; M = mature. 
No. of 
A. trapezoides 
(1M) (M) 
47 
(47) (0) 
151 
(132) (19) 
321 
(217) (104) 
331 
(331) (0) . 
151 
(141) (10) 
151 
(113) (38) 
ND 
180 
(170 (10) 
PF, ploughed fallow; PY, ploughed wheat; PR, ploughed ryegrass; DDF, 
direct-drilled fallow; DDY, direct-drilled wheat; DDR, direct-drilled 
ryegrass; GRA, grass reference area. 
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Samples from the GRA were generally very similar to the DDR 
treatment except that there were slightly more mature A. caliginosa 
present. The total earthworm population under the GRA was 1120 
2 
earthworms per m (Table 7.1). 
7.3.7 Hean weight diameter of wet~sieved aggregates 
The absolute values of the mean weight diameters (MWD) 
were large for both methods of wet-sieving (Figure 7.7). There was no 
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consistent pattern in the MWD of the tension-wet samples over the second 
season (Figure 7.7a). Furthermore, the pattern of MWD values bore 
little resemblance to the results of any other soil measurements. 
Statistical analysis of the tension-wet results revealed that on 
two sampling occasions (5th and 7th), the MWD was significantly larger 
under a direct-drilled soil than under a cultivated one. This result 
was brought about mainly by the large MWD's of the fallow treatments 
which were often significantly larger than their respective cropped 
treatments. On three sampling occasions (3rd, 5th and 6th), there was a 
crop effect in that the fallow MWD was significantly larger than the 
wheat and/or the ryegrass. This was a very inconsistent trend. 
In contrast to the above results, some pattern did emerge with the 
MWD values from samples which were immersion-wetted (Figure 7.7b). 
There was a consistent trend for the MWD to be smaller in the cultivated 
soil than in the direct-drilled one. This difference was significant on 
three sampling occasions (2nd, 4th and 7th). However, like the tension-
wet results, the pattern of change in immersion-wet MWD bore little 
resemblance to the other soil measurements. By the last two sampling 
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Figure 7.7: Changes in the mean weight diameter (MWD) of ~oil aggregates 
in the 5-15 cm soil depth over one season (1984/85). 
(a), tension wet; (b), immersion wet; --, mean of ploughed 
treatments; ----, mean of direct-drilled treatments. Times of 
ploughing (P) and harvest (H) are shown. Symbols as for Figure 
7.2. A vertical bar represents the LSD (P<O.05) between 
cultivation means. 
(a) 
occasions, a crop effect had emerged in that the fallow MYD was 
significantly smaller than the ryegrass and wheat MYD. At no stage was 
the effect of ryegrass on the MYD significantly different from the 
effect of wheat. Nevertheless, there was a trend for the MYD to be 
consistently larger under ryegrass than under wheat in the direct-
drilled treatments. 
The two methods of wet-sieving were also compared statistically. 
At each sampling occasion, the MYD was significantly larger when soil 
was wet-sieved after tension-wetting than under immersion-wetting. 
Results from the GRA for the tension-wet method did not lie 
outside the scatter of the main treatment results and there was no 
indication that the GRA consistently produced a MYD any different from 
the six main treatments. Yhen the GRA soil was immersion-wetted, the 
MYD values were almost identical to the DDR treatment at each sampling 
occasion. 
7.4 GENERAL DISCUSSION 
7.4.1 Effects of cultivation 
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The observed changes in almost all of the soil properties measured 
indicated a deterioration in soil structure over the two years of the 
experiment. Measurements taken in the GRA also indicated a very gradual 
deterioration in soil structure similar to the direct-drilled 
treatments. There was no indication that the soil structure improved 
under the GRA on this site. Rates of change were generally greater in 
the ploughed treatments and were also more variable than in the direct-
drilled ones, indicating perhaps greater instability and soil 
variability induced in the cultivated soil. 
The largest changes came immediately after the first ploughing 
before full crop cover was established. Generally, estimates of IR, Et 
and E100 were greater in the ploughed treatments than in the direct-
drilled ones; this agrees with results from other tillage studies 
(Finney and Knight, 1973; Ehlers, 1977; Douglas et aI, 1980/81; 
O'Sullivan and Ball, 1982; Edwards, 1982; Ehlers et aI, 1983; 
Clutterbuck and Hodgson, 1984; Lindstrom and Onstad, 1984; Goss et aI, 
1984; Chaney et aI, 1985; Ross and Hughes, 1985). 
K i and K t were only greater in the ploughed treatments during a r sa 
the first season. Both these measurements have also been shown to be 
greater at certain times in tilled soil than in untilled soil (Hamblin 
and Tennant, 1979,1981; Ball, 1981b; Ball et aI, 1981; Hamblin, 1982; 
O'Sullivan and Ball, 1982; Lindstrom and Onstad, 1984). 
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As expected, the number of earthworm channels was generally larger 
in the direct-drilled plots, especially during the second season 
(Ehlers, 1975; Gantzer and Blake, 1978; Barnes and Ellis, 1979; Tisdall, 
1985). Although there was no significant effect of cultivation on the 
earthworm population after 16 months, it is highly likely that total 
numbers would eventually be less in the ploughed treatments compared 
with the direct-drilled treatments (Barley, 1961; Barnes and Ellis, 
1979; Clutterbuck and Hodgson, 1984). 
The results for the wet-sieving were difficult to interpret when 
both methods were compared. Different pre-treatment of the aggregates 
gave different results, a commonly reported effect (Section 4.3.2.2). 
However, the immersion-wet results were broadly similar to the results 
of others in that a greater aggregate stability was apparent when the 
soil was left undisturbed (Telfair et aI, 1957; Hamblin, 1980; Douglas 
and Goss, 1982; Stengel et aI, 1984). 
Many conclusions from earlier work were made from measurements 
that were conducted only once or twice during a season. Had this been 
done with this experiment, the results obtained could have led to 
erroneous interpretation. Characterisation of soil structural 
differences between cropping systems should be strictly related to the 
time at which the differences are measured (Hamblin, 1982; Osborne, 
1984; Bullock et aI, 1985). In addition, differences in sampling 
depths, soil texture and cropping history add to the difficulty in 
comparing results from different studies. It is therefore not 
surprising that some published results do not agree with the results of 
this study. 
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For example, in the present experiment, soil dry bulk density (Db) 
was consistently larger in the direct-drilled treatments compared with 
the ploughed ones (Figure 7.4a). However, Coote and Ramsey (1983) found 
that Db was larger in a variety of tilled sites at soil depths to 30 cm 
compared with adjacent untilled sites when sampling was carried out in 
the autumn, a reflection of 35 years of intensive cultivation. In 
contrast, Blevins et al (1977) found no difference in Db between a 
tilled and untilled area in the 0-8 cm soil depth after five years when 
• 11* 
sampling was carried out in sprIng. 
Cannell and Ellis (1979) observed that K t estimates from soil 
sa 
cores were larger in direct-drilled soil compared with cultivated soil 
because the continuity of pores was increased in the direct-drilled 
I 
1[* nevertheless, in most 'first year' comparisons, soil dry bulk densitYI· 
is larger in direct-drilled soil than in ploughed soil 
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soil. Such an effect was only apparent in the present experiment during 
the second season (Figure 7.Sb). Similarly, Goss et al (1978) reported 
more rapid infiltration of water into undisturbed soil compared with 
cultivated soil, again because pore continuity was enhanced when the 
soil was undisturbed. Although pore continuity effects may have been 
important in the present experiment (see below), they were not severe 
enough to cause a consistent decrease in IR in the ploughed treatments 
compared with the .direct-drilled ones. 
Nevertheless, the present results do support other work which 
shows that soil structure may deteriorate quickly when established 
grassland is ploughed ,up (Low et aI, 1963; Low, 1972; Stoneman, 1973). 
Although the first ploughing greatly increased Et and E100 , the effect 
was largely transient and reflected in the measurements of IR, K. and 
alr 
K
sat • Moreover, for the second season, the tillage operations had to 
include one extra pass of the harrow and additional rolling in order to 
produce a suitable seedbed for drilling and seedling emergence, yet soil 
conditions were probably very similar for tillage in both seasons as 
indicated by the soil water content (Figure 7.3). Thus, within one year 
of the initial tillage, substantial structural differences were apparent 
in a soil which was initially considered very well-structured. 
As a result of the additional tillage/cultivation operations 
needed in the second season or as a result of a more unstable cultivated 
soil (or both), several changes in soil physical properties were noticed 
immediately after the second ploughing; there was only a very small net 
increase in Et , a slight decrease in E100 and a dramatic decrease in IR 
and K .• In other words, tillage operations in the second season 
alr 
appeared to be actually detrimental. 
The dramatic decrease in IR and K. immediately after the second 
aIr 
ploughing probably reflected a loss of pore continuity since the 
ploughed treatments still appeared to have greater amounts of total and 
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macroporosity in the 5-15 cm soil depth compared with the direct-drilled 
treatments (Figures 7.4b and 7.5a). The results therefore strongly 
support the view that one type of soil measurement made in isolation 
cannot adequately describe the structural state of a soil (Clarke and 
Russell, 1977; Osborne, 1984). The results also call into question the 
need for annual tillage of this soil. 
. 7.4.2 Effects of crop 
None of the soil measurements indicated a consistent and 
significant difference between the effect of ryegrass or wheat on soil 
structure in either of the two cultivation systems. On the occasions 
when a genuine crop effect seemed to be isolated, it was usually 
confined to a difference between the fallow treatments and the two 
cropped treatments. This occurred with the estimates of K
air , 9v ' 
earthworm activity and population and immersion-wet HWD. Thus it would 
appear that a crop effect could only be ascribed to the presence of a 
crop in general, rather than to the presence of a particular crop. This 
result contrasts markedly with suggestions that grasses have better soil 
structural improving abilities than arable crops (Page and Willard, 
1946; Harris et aI, 1966; Clarke et aI, 1967; Low, 1976; Tisdall and 
Oades, 1979; Reid and Goss, 1981). The present results support those of 
Sparling and Cheshire (1985) who observed that there was no detectable 
difference between the effect of certain grass and arable crops on the 
water-stability of soil aggregates. 
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The results showed that no single treatment was able to arrest a 
decrease in E100 even after full crop cover was established and there 
was no suggestion that changes in E100 under ryegrass were any different 
from those under wheat. Even the direct-drilled treatments showed a 
decrease in many of the soil measurements (albeit very small), 
irrespective of treatment. 
In particular, the DDR treatment was unable to maintain the 
original baseline amount of macroporosity. Other structurally related 
measurements have also been shown to decrease under grass. Telfair et 
al (1957) observed that an initially large value of aggregate stability 
(measured by wet-sieving) could not be maintained under grass. 
Similarly Vez (1979) presented results which showed that aggregate 
stability decreased in the top 10 cm of old grassland over a period of 
six years. Moreover, Vez (1979) showed that aggregate stability 
decreased when the same grassland was direct-drilled with wheat for six 
years, but this decrease was not reflected in measurements of Et • This 
result led to the conclusion that there was no structural deterioration 
in the direct-drilled plots, even in the long term. 
In the present experiment, none of the wet-sieving results showed 
a pattern of change that resembled any of the other soil measurements. 
Overall, this result would suggest that measurements of aggregate 
stability by wet-sieving as carried out here would not be very useful 
indicators of macropore stability. 
Only the wet-sieving results using the immersion-wet method gave a 
consistent indication that ryegrass may have been a more effective 
stabilising agent than wheat (Figure 7.7b), an effect most obvious in 
the direct-drilled treatments, although never significant. These 
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results support previous work using similar methods (Reid and Goss, 
1981). Had the experiment been allowed to continue, it is possible that 
a significant difference between the crops might have developed. 
In Chapter Four, the ratio of final to initial K t was considered 
sa 
a useful index of pore stability (Section 4.4.2.1). Although K t sa 
sometimes changes as it is being measured (Hillel, 1980a), changes did 
not occur over the period that K t was measured in the present study 
sa 
(Section 7.2.1.3). Moreover, large sample variability was associated 
with the K t measurements. Thus in this study, no field measurement 
sa 
was able to directly measure a most important component of the 
conceptual model (Section 3.4.7). 
Towards the end of the experiment, the PF treatment showed a 
noticeably larger Et , E100 and Ksat than all the other treatments 
(Figures 7.4b and 7.5). Although the PF treatment was never 
significantly different from the two ploughed cropped treatments, the 
result was consistent and it is possible that the presence of a crop in 
the ploughed treatments resulted in a lower porosity in the 5-15 cm soil 
depth during this particular part of the experiment. A similar effect 
was reported by Dexter et al (1983), whereby the presence of a wheat 
crop resulted in less macroporosity and larger aggregates compared with 
a non-cropped area. Unfortunately, this contrasted with other work on a 
similar soil whereby a barley crop increased the percentage of smaller 
aggregates in tilled soil (Ojeniyi and Dexter, 1983). It is difficult 
at this stage to explain any of these observations. 
The PW and PR treatments also showed a gradual increase in E100 
towards the end of the second season. This increase coincidently began 
soon after crop cover was at its maximum (day 550). A similar effect 
183 
was also apparent in the first season (after day 200). If this result 
is genuine and not an artifact of the sampling technique, then it is an 
important indication that the amount of macroporosity may increase when 
crop cover is fully established. However, caution is needed when 
comparing results obtained at the beginning of the season (when the soil 
is often wet) with results obtained at the end (when the soil is often 
dry). Bullock et al (1985) emphasised the importance of making 
comparisons of structural parameters under similar field conditions. To 
minimise differences in field conditions, the soil was wetted-up when 
cores were taken if the soil was initially dry. 
Perhaps the most striking crop effect of the whole experiment was 
shown by the earthworm channelling and population data, where 
channelling in the DDF treatment increased dramatically towards the end 
of the experiment (Figure 7.6). The same effect seemed to be beginning 
in the PF treatment. Since both fallow treatments contained~maller 
numbers of earthworms than their respective cropped treatments, 
declining levels of fresh organic matter would seem a ilikely 
explanation fOr the channelling and population results in the fallow 
treatments. Earthworm channelling may have increased in the fallow 
treatments towards the end of the experiment as a result of declining 
organic matter levels, which in turn may have made earthworms search 
more for their food (McColl et aI, 1982). This is contrary to reports 
that the intensity of earthworm channelling is proportionally related to 
the amount of food available (Martin, 1982). 
At the last sampling occasion, total soil organic matter contents 
in the 5-15 cm soil depth were estimated from loss on ignition at 3750 C 
(Hesse, 1971). However, there were no significant differences in total 
soil organic matter between the fallow and cropped treatments: the mean 
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% (w/w) organic matter content was 6.2%, 6.5% and 6.4% in the fallow, 
ryegrass and wheat respectively (LSD = 0.4% at P <0.05). Springett 
(1983) also noticed that earthworm populations decreased before there 
were discernible differences in soil organic matter; she suggested that 
destruction of the burrow system by tillage might affect population 
levels. This, together with a lack of fresh organic matter might help 
to explain why the PF treatment contained the smallest earthworm 
population. However, the precise reasons why the fallow treatments 
contained the greatest number of channels towards the end of the 
experiment still remains unclear. Maybe lack of a crop protecting the 
soil surface was also partly responsible (Lofs-Holmin, 1983). 
After approximately day 500, the large number of earthworm 
channels in the DDF treatment did not increase IR or K. (Figure 7.2), . 
alr 
which suggests that they were not contibuting to vertical continuity of 
pores. Et , E100 and Ksat were similarly unaffected by the large 
earthworm activity in the DDF treatment, suggesting that the number of 
earthworm channels in the present field experiment did not govern the 
values measured. 
The number of earthworm channels in the cropped treatments 
increased from the second ploughing up until day 500 (Figure 7.6). 
Thereafter, there was no net increase up until the end of the 
experiment. This period of inactivity coincided with a large decrease 
in soil water content in the cropped treatments (Figure 7.3), 
demonstrating the importance of soil water content in the earthworm 
channelling pathway in Figure 3.1. Earthworm channel numbers were still 
. . h h . 3 -3 lncreaslng w en t e sOlI water content was 0.266 cm cm (DDF 
treatment, last sampling occasion), but not when the soil water content 
3 -3 ) was 0.209 cm cm (DDR treatment, 3rd from last sampling occasion. 
Maybe this result shows a threshold value for channelling activity in 
the earthworm species found in this experiment. 
7.4.3 Significance of macroporosity 
At this stage, it is appropriate to consider aspects of 
these results which justify the selection of macroporosity (pores 
> 100~m in diameter) as the central feature of the conceptual model in 
Figure 3.1: 
1. For both years'results, Et and E100 were closely related (Figure 
7.8). The following linear relationship best described the 
relationship between Et and E100 : 
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0.426 + 0.68 x E100 .. . 7.1 
2 (n=90, r =0.82, P <0.001) 
The slope of the relationship was less than unity, since in 
reality a damaged macropore would probably be turned into one or 
more micr~pores. No distinction was made in the relationship 
between any of the treatments since there was no indication that 
different populations were emerging. Douglas et al (1980/81) also 
reported a highly significant correlation between total porosity 
and macroporosity (in this case, pores> 50 ~m in diameter) in 
cultivated and direct-drilled soil. The relationship between Et 
and E100 in the present experiment was also well described by 
exponential, logarithmic and geometric equations, but none gave as 
2 large an r value as the linear equation. Clearly any method 
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Figure 7.8: Relationship between macroporosity (E100) and total porosity 
(Et) in the 5-15 cm soil depth. Each point represents the 
mean of four replicates. Symbols as for Figure 7.2. The 
relationship is described by the linear equation: 
Et = 0.426 + 0.68 x E100 (n = 90, r2 = 0.82, P<O.OOl) 
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which successfully predicted changes in E100 could be very useful 
in predicting Et • 
2. E100 strongly influenced Ksat and IR. In each case, the influence 
of E100 could be described by a highly significant linear equation 
(Figures 7.9 and 7.10): 
K 
sat 
IR 
-102 + 1375 x E100 
-25 + 271 x E100 
•.. 7.2 
2 (n=90, r =0.77, P <0.001) 
... 7.3 
2 (n=78, r =0.70, P <0.001) 
Again these relationships appeared common to all treatments and 
2 
exponential, logarithmic and geometric equations all gave large r 
values, but none as large as the linear equation. Previous 
workers have also demonstrated strong relationships between 
macropores (of varying diameters) and saturated hydraulic 
conductivity (see Warkentin, 1971 for a review and Ahuja et aI, 
1984), so the present result should not be considered as an 
isola ted report. 
The three relationships are of great significance because changes 
in E100 were clearly responsible for changes in Et and soil transmission 
properties. The relationship between E100 and IR further illustrates 
the dependence of these particular infiltration rate estimates upon 
topsoil conditions. It also indirectly implies that estimates of IR 
would not be appropriate for providing guidelines on irrigation 
management at this site, since lateral flow greatly influenced these 
results (Section 7.2.1.1). 
-I' 
.s:::. 
E 
o 
-
... 
ro 
U) 
::.:::: 
>< 
C\I 
I 
o 
T"'" 
188 
3 o 
2 
1 
o 
0.1 0.2 0.3 
E100 (cm3 cm-3 ) 
Figure 7.9: Relationship between macroporosity (E100) and saturated 
hydraulic conductivity (Ksat) in the 5-15 cm soil depth. 
Each point represents the mean of four replicates. Symbols 
as for Figure 7.2. The relationship is described by the 
linear equation: 
Ksat = -102 + 1375 x E100 (n = 90, r2 = 0.77, P<O.OOl) 
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Figure 7.10 Relationship between macroporosity (ElOO) and steady-state infiltration rate (IR). Macroporosity measurements were made 
in the 5-15 cm soil depth. Each point represents the mean of 
four replicates. Symbols as for Figure 7.2. The relationship 
is described by the linear equation: 
IR = -25 + 271 x EI OO (n = 78, r2 = 0.70, P<O.OOl) 
If relationships similar to those found could be demonstrated for 
a greater range of soil structural conditions, then it should be 
possible to use E100 to diagnose a soil's structural condition in terms 
of whether soil transmission properties would be likely to limit 
satisfactory crop growth. Furthermore, if different cropping systems 
could be classified as to the likely increase or decrease in E100 that 
occurred under them, then management strategies could be chosen to 
maintain macroporosity at appropriate levels for satisfactory soil 
transmission properties. 
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It is unfortunate that the present data set is limiting in that it 
gives no indication of how soil transmission properties would be 
3 -3 
affected when E100 becomes less than 0.10 cm cm McDonald (1961) 
suggested that when the volume of pores> 60 ~m in diameter becomes less 
than 0.06 cm3 cm-3, crop growth could be limited. In addition, 
-1 
saturated hydraulic conductivities of less than 0.17 cm h have been 
classified as very low (McKeague et aI, 1982). Throughout this 
experiment, E100 and Ksat therefore remained large and a state of poor 
soil structure was never reached. 
Due to the limitation of the present data, it cannot be assumed 
that K
sat would tend to zero as E100 approached a value of 0.074 
cm3 cm-3 (Equation 7.2). Similarly, it would be unwise to assume that 
when Et reached D.426 cm
3 cm-3, E100 would equal zero (Equation 7.1) or 
I h 3 -3 . that infi tration would cease w en E100 was 0.092 cm cm (Equatlon 
7.3). It is most likely that the three linear equations (Equations 7.1 
to 7.3) apply only over the range of E100 measured. 
In reality, it has been shown that when macroporosity is small, 
infiltration and hydraulic conductivity under saturated conditions can 
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still remain satisfactory if there are a few continuous earthworm 
channels present (Ehlers, 1975; Douglas et aI, 1980/81). However, in 
soils with macroporosities lower than the smallest value recorded in the 
present study, it is unlikely that a simple linear relationship could be 
drawn up between E100 and Ksat or IR because the volume of earthworm 
channels would contribute little to E100 (Ehlers, 1975; Gantzer and 
Blake, 1978). Some account of the number and orientation of earthworm 
channels might therefore be required in conjunction with estimates of 
E100 for predicting potential problems of transmission of water through 
soil, in situations where macroporosity was small. 
As a preliminary test of the above hypothesis, measurements of 
B100 , Ksat and the number of earthworm channels were made on soil cores 
taken from the DDF treatment during the last sampling occasion (day 646) 
between the soil depths of 25 cm and 55 cm. The results indicated that 
2 K t was strongly dependent upon the number of earthworm channels per m 
sa 
between 25 cm and 55 cm soil depth as both measurements decreased in 
value with depth in similar proportions (Table 7.2). There was no 
similar relationship between E100 snd Ksat ' The results in Table 7.2 
would therefore suggest that some assessment of earthworm channels would 
be necessary for diagnostic purposes when macroporosity was small in the 
topsoil. However, it should be realised that the results in Table 7.2 
are from subsoil samples and plant roots may be more important than 
earthworms in modifying the pore size distribution in the topsoil 
(Barley, 1959c). 
Table 7.2: Changes in saturated hydraulic conductivity (K t)' number 2 sa 
Soil depth 
(cm) 
25-35 
35-45 
45-55 
of earthworm channels per m and macroporosity (E100) with 
soil depth 
K 
sat 
-1 (cm h ) 
62 ± 33 
15 ± 
7 ± 
7 
4 
Earthworm 
2 
channels per m 
2600 ± 300 
600 ± 100 
300 ± 200 
E100 
3 -3 (cm cm ) 
0.116 ± 0.015 
0.074 ± 0.006 
0.073 ± 0.012 
Each value is the mean of four replicates. The steady-state 
infiltration rate (IR) at the time of sampling was 11 cm h-1 . 
Cores were taken from the direct-drilled fallow treatment at 
the last sampling occasion. Tolerances are standard errors. 
192 
7.5 SUKKARY AND CONCLUSIONS 
Winter wheat and perennial ryegrass were grown as annual crops 
under identical conditions within two cultivation systems (direct-
drilling and conventional cultivation) for two seasons on a site which 
had initially been under a five year ryegrass pasture. Plots within 
each cultivation system were also prepared for the two crops, but were 
not drilled. A small area of original pasture was retained as a grass 
reference area (GRA). Steady-state infiltration rate (IR), air 
permeability after infiltration (K . ), total and macroporosity (E t and aIr 
E100), soil water content (9v)' number of earthworm channels and mean 
weight diameter (MWD) of wet-sieved aggregates were estimated. 
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The principal objective of carrying out the above measurements was 
to assess whether a change in soil physical properties could be 
accounted for by the presence of a crop per se. A further objective was 
to collect soil data to use in conjunction with the root data from 
Chapters Five and Six to assess the relative importance of the processes 
changing E100 shown in the conceptual model in Figure 3.1. Full 
analysis of the results from Chapters Five to Seven may be found in 
Chapter Eight. 
Tillage/cultivation operations in the first season generally 
produced a more porous soil structure than direct-drilling. However, 
this was a transient effect and the amount of porosity quickly decreased 
after ploughing. Tillage/cultivation operations in the second season 
failed to increase the soil porosity and the air and water flow 
measurements indicated an initial loss of pore continuity. The results 
illustrated the speed at which detrimental effects of annual tillage may 
occur. There was also a trend for all the porosity-related measurements 
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to decrease with time for all treatments. However, absolute values for 
many of the soil measurements still remained large after the two years 
of the experiment, and soil structure never became seriously limiting to 
crop growth. 
The results from the grass reference area showed that in most 
cases, a similar pattern of structural changes occurred as in the 
direct-drilled treatments. 
There were no consistent and significant differences between the 
effects of ryegrass or wheat on soil structure. However, the presence 
of a crop was sometimes shown to be important: K. and immersion-wet 
aIr 
MWD were generally smaller in the fallow treatments. The biggest effect 
of a crop on soil structure was in the number of earthworm channels; 
earthworm channelling was far greater in the fallow treatments towards 
the end of the experiment. Nevertheless, the numbers of earthworms in 
the fallow treatments was less than in the cropped treatments suggesting 
perhaps that lack of fresh organic matter caused the declining earthworm 
numbers in the fallow treatments to search more for their food. 
The presence of a crop cover was not always found to be 
beneficial. In the ploughed treatments, there was an increase in E100 
towards the end of the experiment and the recovery was greater when no 
crop was present. It was difficult to explain this result. A similar 
effect did not occur in the direct-drilled treatments which showed a 
gradual decrease in E100 even under ryegrass. 
The results of the wet-sieving analyses depended on how the 
aggregates were pre-treated and the pattern of treatment differences 
bore little resemblance to the porosity-related measurements. Wet-
sieving results were therefore considered of little value as indicators 
of macropore stability. 
Changes in Et were largely accounted for by changes in E100 . 
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E100 also strongly influenced Ksat and IR. It may therefore be possible 
to use E100 to diagnose when soil transmission properties would become a 
problem. However, in this experiment macroporosity was never seriously 
limiting to soil transmission properties and it was suggested that in 
soils with a small topsoil macroporosity the number and orientation of 
earthworm channels would have to be used in conjunction with estimates 
of E100 to predict potential soil structure problems. 
CHAPTER EIGHT 
FIELD STUDIES OF SOIL STRUCTURAL CHANGES UNDER VHEAT AND RYEGRASS 
IV. INTERPRETATION OF RESULTS USING CONCEPTUAL HODEL 
8.1 INTRODUCTION 
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In Section 3.5.1, it was suggested that the conceptual model of 
changes in soil structure under different cropping systems could be used 
to derive a form of budget equation of the processes that were known to 
change macroporosity in a particular part of the soil profile. These 
processes were tillage, slaking and slumping, creation of macroporosity 
by decomposition of dead roots and by earthworm activity, as well as 
creation and temporary blockage by living roots. 
Equation 3.1 stated that: 
6E100 Ti + Rd + Rg + EC - SS .. . 3.1 
where 6E100 was the measured change in macroporosity, Ti was the change 
in E100 due to tillage, Rd was the change due to root decomposition, Rg 
was the change due to root growth, EC was the change due to earthworm 
channelling and SS was the change due to slaking and slumping. 
Each component was assumed to act independently of the other 
components in Equation 3.1. For example, the calculations involving the 
creation of macropores by root and earthworm activities assumed that new 
macropores were being created. This meant that no interaction between 
root growth and earthworm activity was considered. Although such an 
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assumption may be a gross over-simplification, it is not possible at 
this stage to determine how many new macropores would be created and how 
many existing macropores would be used for earthworm activity and root 
growth. The changes in E100 presented in Sections 8.2.2 to 8.2.5 should 
therefore be considered as the maximum values of E100 that could have 
been changed by root growth and decomposition and earthworm channelling. 
In reality, changes in E100 caused by root activities might be smaller 
than those calculated since roots would occupy existing macropores if 
they were suitable and accessible (Nye and Tinker, 1977; Russell, R.S., 
1977; Ehlers et aI, 1983; Whiteley and Dexter, 1983). 
The aim of this chapter is to apply Equation 3.1 using some of the 
results from the field experiments described in Chapters Five, Six and 
Seven in order to assess the relative importance of the above processes. 
Attention has been confined to the 5-15 cm soil depth because this depth 
was considered the middle of the region most likely to be affected by 
the cropping system. 
8.2 METHODS 
8.2.1 General approach 
The two seasons of the field experiment were divided into 
three periods: 
1. The time between the first ploughing and the first harvest (first 
season) • 
2. The time between the first harvest and the time just before the 
second ploughing (fallow period). 
3. The time between the second ploughing and the second harvest 
(second season). 
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Since none of the soil measurements were made on the exact 
harvesting dates, it had to be assumed that any changes in soil 
measurements were negligible between the harvesting dates and the most 
appropriate measurement nearest that date. However, E100 appeared to be 
changing so rapidly following ploughing (Figure 7.5a), that it was not 
certain if the measurements of E100 made after ploughing represented the 
maximum increase (or decrease) in E100 that really occurred. The 
analysis of changes in E100 was therefore confined to the periods 
following ploughing. Thus, for the three periods examined, the term Ti 
in Equation 3.1 was effectively zero. This does not mean to say that 
changes in E100 due to tillage were ignored in this analysis. Reference 
is made to the likely changes in E100 due to tillage (which could have 
been very large) later in the text (see Section 8.4). 
Of the five components in Equation 3.1, slaking and slumping (SS) 
was not directly measured and the equation was rearranged to calculate 
SS directly. 
8.2.2 Net change in E100 
The net change in E100 was calculated for each replicate 
for the three periods from the measured values of E100 • 
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8.2.3 Change in E100 due to root decomposition 
Both the original pasture roots and the roots from the 
wheat and ryegrass crops needed to be considered for this calculation. 
8.2.3.1 Original pasture roots 
Before any tillage operations were carried out, 
measurements were made of the total length of living and dead roots in 
the top 10 cm of the original pasture (on the DDF plots) using the core-
break method (Section 6.2.3). Unfortunately, no measurement was made of 
the length of root in the 10-15 cm soil depth. Nevertheless, a reliable 
estimate could be made of the length of root in this soil depth assuming 
that the logarithm of rooting density declined linearly with increasing 
soil depth (Gerwitz and Page, 1974; Greenwood et aI, 1982). This 
assumption was supported by measurements of rooting density made on the 
DDR plots in 5 cm increments to 25 cm soil depth at the time of maximum 
root input in the 1983/84 season. 
To convert the length of root to a volume, the relationship 
between root length and root fresh weight was examined at the time when 
the main calibration equations for the tube and core-break methods 
(Equations 5.1 to 5.6) were derived. Root volume was calculated 
directly from root fresh weight assuming that the fresh roots had a 
density of 1.0 g cm-3 (Yilliams and Baker, 1957). A geometric 
relationship best described the relationship between rooting density 
-3 -3 (Lv, cm root cm soil) and root fresh weight (F
r
, mg root cm soil) 
for perennial ryegrass: 
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F = 0.87 (L 1.27) ••• 8.1 
r v 2 (n=38, r =0.89, P <0.001) 
Equation 8.1 was used to calculate the % of the total soil volume 
occupied by the original pasture roots at the beginning of the 
experiment. An exponential root decomposition equation (Equation 6.1) 
was then used to calculate the % of the total soil volume that was freed 
at the appropriate periods as the pasture roots decomposed in the DDF 
·plots. 
Since the decomposition of organic matter has been shown to be 
suppressed by the presence of a living crop (Sparling et aI, 1982; Reid 
and Goss, 1982b,1983), it was assumed that the decomposition rate of 
pasture roots in the wheat and ryegrass treatments would be 60% of the 
rate under fallow land (Hart, pers. comm!, 1985). Thus estimations 
could be made of the increase in E100 in the cropped treatments 
resulting from decomposition of original pasture roots assuming that the 
DDF plots were initially representative of the whole experimental site. 
It was assumed that the decomposition rate of the original pasture 
roots and the subsequent freeing of macropores were unaffected by the 
different cultivation systems employed in the field experiment. This 
assumption may have been inaccurate (Section 3.4.3), but such 
inaccuracies probably had little impact on the overall results. 
8.2.3.2 Vheat and ryegrass roots 
The measured maximum value of L in the 5-15 cm soil 
v 
depth of each cropped treatment for each season was calculated from the 
results of the root growth measurements (Section 5.3.2). However, this 
estimate of Lv was an instantaneous value and probably underestimated 
total root production over the season in that region (Section 6.3.1). 
Results from the rhizotron experiment showed that the maximum 
instantaneous living root length underestimated the total cumulative 
root length by 45% and 36% for ryegrass and wheat respectively during 
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the second season (Section 6.3.1). It was assumed that the first season 
would have produced similar results. 
The re-calculated maximum total values of Lv were then converted 
to a volume of roots, assuming that the fresh root density of both crops 
-3 was 1.0 g cm ; for wheat, the rooting density (L ) was converted to 
v 
root fresh weight (Fr) using Equation 8.2 (also derived at the same time 
as the main calibration equations): 
F 
r 
0.99 (L 1.06) 
v 
••• 8.2 
2 (n=38, r =0.75, P <0.001) 
For ryegrass, Equation 8.1 was again used to calculate the maximum 
root fresh weight and hence volume. In order to calculate the change in 
E100 resulting from the creation of new macropores as wheat and ryegrass 
roots decomposed, it was assumed that root decomposition began only 
after a harvest. Thus, in the second season, there was no net increase 
in E100 due to decomposing roots of the crops sown at the beginning of 
that season. However, the first season's ryegrass and wheat roots 
increased E100 as macropores decomposed during the fallow period and 
during the second season itself. Ryegrass and wheat roots were assumed 
to decompose at the same rate so that Equation 6.1 could be used for 
both crops. Once again, the root decomposition rate was assumed to be 
only 60% of the rate under bare fallow land. 
8.2.4 Decrease in E100 due to root growth 
Section 8.2.3.2 has already outlined the calculations 
needed to estimate the maximum amount of root material produced in each 
season. When converted to a volume, the amount of space that the ~oots 
occupied was considered a decrease in E100 until such a time as the 
roots decomposed. These decreases in E100 may be considered as maximum 
estimates because it was assumed that new macropores were created by 
root growth. 
8.2.5 Change in E100 due to earthworm channelling 
The mean length of an earthworm channel through a soil 
core (100 mm in length) was approximately 150 mm (Lance, pers. comm., 
1985}.The modal channel diameter (3.5 mm) was used to calculate 
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changes in E100 due to earthworm channelling. Thus one channel observed 
at 10 cm soil depth (midway down a core) would have a volume of 1.4 cm3 
in the 5-15 cm soil depth, equivalent to nearly 0.2% of the volume of 
one soil core (104 mm i.d.; 100 mm length). It is again emphasised that 
changes in E100 due to earthworm channelling represent net changes. 
8.2.6 Statistical analysis 
The calculations were carried out on a replicated basis and 
standard errors were ascribed to the treatment means. Standard errors 
were used to describe the variability associated with each mean. The 
paired-sample test was used to indicate if an apparent change in E100 
was significantly different from zero. 
Yhere there appeared to be a significant difference in ElOO 
between some of the treatments, a full analysis of variance was carried 
out on the results. In particular, the results were studied for a crop 
effect (PY+DDY vs PR+DDR vs PF+DDF) and a cultivation effect (PY+PR+PF 
vs DDY+DDR+DDF), as well as individual treatment effects. 
8.3 RESULTS 
Unless otherwise stated, where a significant result is presented, 
the level of significance is at P <0.05. 
8.3.1 First season 
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During the first season and following ploughing, all 
three ploughed treatments showed a measured net decrease in E100 (Table 
8.1). These decreases were significant at P <0.05 for the PF and PR 
treatments, but large sample variability in the PY treatment resulted in 
the measured decrease in E100 being significant only at P <0.10. The 
greatest measured decrease in ElOO occurred under the PF treatment. 
Overall, absolute measured decreases in ElOO were significantly greater 
in the cultivated soil than in the direct-drilled soil, probably because 
the cultivated soil contained a much larger amount of macroporosity than 
the direct-drilled soil immediately after the first ploughing. Yith the 
direct-drilled treatments, there appeared to be a small increase in ElOO 
under wheat and a slight decrease in ElOO under ryegrass. However, the 
paired-sample test revealed that the measured changes in ElOO under the 
two cropped direct-drilled treatments were not significantly different 
from zero. The DDF treatment showed the only significant decrease in 
ElOO within the direct-drilled treatments. 
Table 8.1: Estimated changes in E100 in the 5-15 cm soil depth during 
the first season 
Cause 
Measured net 
change 
Decomposition of 
pasture roots 
Decomposition 
of crop roots 
Growth of 
crop roots 
Loss or gain of 
worm channels 
Slaking and 
slumping 
PF 
b 
-9.4 
±0.84 
b +0.7 
±0.07 
b 
-10.6 
±0.89 
PW 
_7.9a 
±2.85 
b +0.4 
±0.04 
b 
-0.7 
±0.06 
b +1.0 
±0.18 
_8.6a 
±2.95 
6E100 (%) 
PR 
b 
-4.2 
±0.50 
b +0.4 
±0.04 
b 
-0.9 
±0.12 
b +0.5 
±0.07 
b 
-4.2 
±0.43 
DDF 
b 
-3.1 
±0.63 
b +0.7 
±0.07 
b 
-0.8 
±0.24 
b 
-3.0 
±0.36 
DDW 
+0.4ns 
±1.41 
b +0.4 
±0.04 
b 
-0.6 
±0.04 
_0.3ns 
±0.38 
DDR 
-1. 9ns 
±1.20 
b +0.4 
±0.04 
b 
-1.0 
±0.03 
_0.7a 
±0.29 
_0.6ns 
±1.48 
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a significantly different from zero (P <0.10); b significantly different 
from zero (P <0.05); ns not significantly different from zero. 
PF, ploughed fallow; PW, ploughed wheat; PR, ploughed ryegrass; 
DDF, direct-drilled fallow; DOW, direct-drilled wheat; DDR, direct-
drilled ryegrass. Tolerances are standard errors. 
Generally, there was a trend in the first season for measured net 
decreases in E100 to be less when a crop was present, although this was 
not significant as a crop effect. There was also no significant 
difference in the measured decrease in E100 between wheat or ryegrass. 
However, within the ploughed treatments, the measured decrease in E100 
was significantly less under ryegrass than under fallow. 
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The increases in E100 by decomposing pasture roots were an order 
of magnitude smaller than the measured decreases in E100 in the ploughed 
treatments. Similarly, the decreases in E100 due to growing roots in 
the first season were very small and never exceeded 1.0% of the total 
soil volume. Statistical analysis of the results suggested that 
significantly more macropores were lost due to root occupation under 
ryegrass than under wheat. Cultivation had no effect on the amount of 
macroporosity- lost by growing roots in the 5-15 cm soil depth. 
Despite the rapid recovery of earthworm channel numbers in the 
ploughed treatments after the first ploughing (Figure 7.6), the actual 
change in E100 associated with earthworm channelling was very small 
(equivalent to not more than 1.0% of the total soil volume) and similar 
in quantity to the change produced by ·the decomposition of the original 
pasture roots. Earthworm channelling in all the ploughed treatments 
produced increases in E100 significantly greater than zero at P <0.10. 
However, with the DDF and DDR treatments, the effect of slaking and 
slumping appeared greater than earthworm activity since net decreases in 
E100 were associated with earthworm channelling in these treatments. 
The decrease in E100 associated with earthworm channelling in the DDF 
and DDR treatments was similar to the decrease in E100 produced by the 
growth of the first season's roots. The type of crop or presence of a 
crop had no overall influence on the magnitude of the changes in E100 
associated with earthworm channelling. 
As the changes in E100 by root and earthworm activity appeared 
very small, the changes in £100 due to slaking and slumping were 
probably similar to the actual measured net changes. Moreover, the 
estimates of decreases in E100 due to slaking and slumping were 
significantly smaller under ryegrass than under fallow. However, no 
significant differences between the effec~s of wheat and ryegrass on 
slaking and slumping were indicated over this period. There also 
appeared to be no significant slaking and slumping in the DDW and DDR 
treatments between drilling and harvest in this first season. 
·8.3.2 Fallow period 
During the fallow period when there was no net root 
growth, only the PF treatment showed a measured net change in E100 (a 
decrease) which was significantly different from zero (Table 8.2). 
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Very small amounts!of macroporosity (equivalent to less than 0.6% ofl 
the total soil volume) were created by the decompo~ition of the original 
pasture roots and the first season's crop roots. Significantly more 
macropores appeared to be created by the ryegrass roots than by the 
wheat roots, but this was expected since ryegrass roots initially 
occupied a greater soil volume than wheat roots during the first season 
and root decomposition rates were assumed the same for both crops. 
For all treatments except the DDR treatment, there appeared to be 
small (less than 1.0% of the total soil volume) increases in E100 due to 
earthworm channelling, but these·increases were only significantly 
different from zero in the PF and DDW treatments. There was no effect 
of crop or cultivation on these increases. 
Table 8.2: Estimated changes in E100 in the 5-15 cm soil depth during 
the fallow period 
Cause 
Measured net 
change 
Decomposition of 
pasture roots 
Decomposition 
of crop roots 
Growth of 
crop roots 
Loss or gain of 
worm channels 
Slaking and 
slumping 
PF 
_2.7a 
±0.94 
b +0.2 
±0.02 
b 
-3.4 
±0.85 
PW 
_0.6ns 
±2.0S 
b +0.2 
±0.02 
b +0.2 
±0.02 
+0.3ns 
±0.47 
_1.3ns 
±2.25 
PR 
_4.1ns 
±1.91 
b +0.2 
±0.02 
b +0.3 
±0.04 
+0.2ns 
±0.26 
_4.8a 
±1.68 
DDF 
+O.lns 
±0.79 
b +0 .. 2 
±0.02 
_0.8ns 
±1.13 
DDW 
_0.7ns 
±1.14 
b +0.2 
±0.02 
b +0.2 
±0.02 
a +0.3 
±0.11 
_1.4ns 
±1.08 
DDR 
b +0.2 
±0.02 
b +0.3 
±0.04 
_O.lns 
±0.98 
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a significantly different from zero (P <0.10); b significantly different 
from zero (P <0.05); ns not significantly different from zero. 
PF, ploughed fallow; PW, ploughed wheat; PR, ploughed ryegrass; 
DDF, direct-drilled fallow; DDW, direct-drilled wheat; DDR, direct-
drilled ryegrass. Tolerances are standard errors. 
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As in the first season for the direct-drilled cropped treatments, 
the estimated changes in E100 due to slaking and slumping were not 
significantly different from zero. Standard errors associated with 
these slaking and slumping means were similar in size to the means 
themselves. For the ploughed treatments, the estimated decreases in 
E100 due to slaking-and slumping were significantly different from zero 
for the PF and PR treatments, but not for the PW treatment. Overall, 
there were no significant differences between the effects of crop type 
or cultivation on the changes in E100 due to slaking and slumping during 
the fallow period. 
8.3.3 Second season 
During the second season in all treatments, except the PR 
treatment, a net increase in E100 was observed, but none of these 
increases were significantly different from zero (Table 8.3). There 
were no significant differences between any of the treatments, crops or 
cultivation in terms of the measured net changes of E100 • 
The calculations indicated that the decomposition of original 
pasture roots produced macropores equivalent to less than 0.3% of the 
total soil volume. Similarly, the amount of macropores produced by root 
decomposition of the first season's crops was almost negligible, 
although ryegrass roots probably freed significantly more macropores 
than wheat roots. 
As in the first season, the calculated decreases in E100 caused by 
growth of crop roots never exceeded 1.0% of the total soil volume. Once 
again, significantly more macropores appeared to be lost under ryegrass 
than under wheat. 
Table 8.3: Estimated changes in E100 in the S-lS cm soil depth during 
the second season 
Net cause 
Measured 
change 
Decomposition of 
pasture roots 
Decomposition 
of crop roots 
Growth of 
crop roots 
Loss or gain of 
worm channels 
Slaking and 
slumping 
PF 
b +0.2 
±0.02 
b +2.6 
±0.23 
PW 
±3.08 
b +0.1 
±0.01 
b +0.1 
±0.01 
b 
-0.4 
to.OS 
b +1.6 
±0.21 
+0.3ns 
±2.88 
£\E100 (%) 
PR 
_2.0ns 
±4.69 
b +0.1 
±0.01 
b +0.2 
±0.03 
b 
-0.9 
±0.21 
b +1.3 
±0.37 
_2.7ns 
±4.S1 
DDF 
b +0.2 
±0.02 
b +2.9 
±0.63 
DDW 
±1.S2 
b 
+0.1 
±0.01 
b +0.1 
±0.01 
b 
-0.4 
±0.03 
b +1.3 
±0.09 
DDR 
±1.06 
b 
+0.1 
±0.01 
b +0.2 
±0.01 
b 
-0.8 
to.10 
b +1.S 
±0.30 
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a significantly different from zero (P <0.10); b significantly different 
from zero (P <O.OS); ns not significantly different from zero. 
PF, ploughed fallow; PW, ploughed wheat; PR, ploughed ryegrass; 
DDF, direct-drilled fallow; DDW, direct-drilled wheat; DDR, direct-
drilled ryegrass. Tolerances are standard errors. 
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All the treatments showed significant calculated increases in E100 
due to earthworm channelling during the second season. Increases in 
. E100 by earthworm channelling were significantly favoured under fallow 
compared with wheat and ryegrass. However, the type of cultivation or 
crop apparently had no effect on the increases in E100 by earthworm 
channelling. 
Only the DDF treatment estimates showed a significant change (a 
decrease) in E100 due to slaking and slumping. This decrease was 
apparently compensated by increased earthworm activity with the result 
that E100 showed no net measured change. 
8.4 DISCUSSION 
Although many assumptions were necessary for the calculations 
involving the loss or gain of macropores by the processes specified in 
Equation 3.1, most of the results obtained were nevertheless quite 
robust. For example, the most uncertain assumptions concerned the role 
of living and dead roots. However, the assumptions would have tended to 
result in overestimations of the importance of root growth and 
decomposition. Since the estimates obtained were all very small, then 
such overestimation is probably unimportant. 
According to these estimates, ryegrass roots created 30-50% more 
macropores than wheat by root decomposition in the 5-15 cm soil depth 
during both seasons of the field experiment. This result considered in 
isolation would suggest that in a situation where E100 was initially 
small, ryegrass would be far better than wheat in increasing E100 ; this 
result could also be construed to support previous suggestions that 
increases in total pore space can occur under grass (Low, 1976). 
However, in each season of the experiment, the calculated increases in 
E100 by ryegrass and wheat root decomposition never amounted to more 
than 1.0% of the total soil volume, and as mentioned above, these were 
probably overestimates. Thus, when put into perspective, the amount of 
macroporosity created by root decomposition was minimal. 
Since the creation of macropores by root decomposition was always 
at least equalled by a loss of macropores due to root growth (with the 
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exception of the fallow period), it is clear that a significant increase 
in E100 on a short-term basis at this site and with these crops is very 
unlikely to come about through root growth and decomposition alone. 
Moreover, other available data on field rooting densities of 
perennial ryegrass suggests that roots themselves will not create 
macropores equivalent to greater than a few % of the total soil volume 
assuming that all root growth creates new macropores. Fairley (1985) 
estimated that the mean living rooting density of perennial ryegrass in 
the top 15 cm of an undisturbed soil which had received no fertiliser 
nitrogen was approximately 14 cm cm-3 , equal to a total root length of 
-2 h 210 cm cm ; this total root length is two and a half times t e amount 
that was measured under the DDR treatment at the last sampling occasion 
during the 1983/84 season. The maximum change in E100 due to root 
growth on the 5-15 cm soil depth during the present experiment was 1.0% 
(Table 8.1) under the DDR treatment. Assuming that the conditions of 
Fairley's experiment were similar to the present one, this would suggest 
that the absolute maximum amount of macroporosity that could have been 
created by Fairley's ryegrass roots is 2.5% of the total soil volume. 
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The method of estimating the changes in E100 associated with 
earthworm channelling also required a number of assumptions, the fine 
details of which may be questioned. Nevertheless, the estimated changes 
in E100 due to earthworm activity were generally very small (less than 
1.0% of the total soil volume) and it seems unlikely that the 
assumptions made were sufficiently incorrect to invalidate this result. 
It should be emphasised that the earthworm populations on these 
experimental plots were much larger than those reported overseas (Barnes 
and Ellis, 1979; Edwards and Lofty, 1980,1982). Furthermore, the 
dominant species here was A. caliginosa, which does not confine its 
activities to very few channels unlike many of the species which are 
found, for example, in the United Kingdom. Therefore the channelling 
activity in the present experiment may have been towards the maximum 
which could be expected under annual crops in this sort of climate. 
It appeared possible in fallow areas for earthworms to increase 
E100 equivalent to nearly 3.0% of the total soil volume over a growing 
season. Relying upon increased earthworm activity to increase E100 when 
soil is left fallow would probably not be an economically viable option 
for increasing E100 in a modern agricultural system. 
In this·experiment, some of the biggest changes in E100 were 
apparently brought about by tillage and slaking and slumping. This was 
especially true for the ploughed treatments during the first season, 
mainly as a result of the large amount of macroporosity initially 
created by the first ploughing. Estimates of E100 created by tillage 
during the first season were +7.2% (± 1.28),· +9.8% (± 3.12) and 
+8.5% (± 1.12) for the PF, PW and PR treatments respectively. Again it 
is emphasised that the calculated changes in E100 due to tillage are 
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probably underestimates since E100 appeared to be changing quite rapidly 
after the first ploughing. Clearly the amount of macroporosity created 
by the first ploughing could not be maintained even when a crop was 
present (Section 7.4.2). 
In the second season, none of the ploughed treatments showed a 
significant change in E100 due to tillage, although it is possible that 
an increase in E100 was missed due to inappropriate sampling. Thus, 
whilst tillage may sometimes have been successful in increasing E100 an 
order of magnitude greater than that created by root action and 
earthworm activity, an increase in E100 could not always be expected. 
Nevertheless, tillage did seem the only way in this experiment to 
rapidly increase E100 • 
In some cases, a net increase in E100 was associated with the 
slaking and slumping calculations. An increase in E100 due to slaking 
and slumping could be interpreted in terms of shrinkage cracks creating 
new macropores. However, these increases were not significantly 
different from zero, supporting the assumption made in the conceptual 
model that soil shrinkage effects were probably negligible for this 
site. Standard errors associated with changes due to slaking and 
slumping were often larger than the changes themselves whether the 
changes were negative or positive. Only when the changes in E100 (due 
to slaking and slumping) were larger than approximately 2.5%, were the 
standard errors smaller than the actual changes. This was particularly 
true in the first season where changes in E100 due to slaking and 
slumping were significantly different from zero under the PF,P~,PR and 
DDF treatments, but not under the DD~ and DDR treatments (Table 8.1). 
In the fallow period, the only significant changes in E100 due to 
slaking and slumping were under the PF and PR treatments (Table 8.2). 
In the second season, only the change in E100 under the DDF treatment 
was significantly different from zero (Table 8.3). 
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The changes in E100 associated with slaking and slumping are 
indicators of macropore stability. The r~sults in Tables 8.1 to 8.3 
illustrate that whilst there were no significant increases in the 
measured change in E100 when a living crop was present, a living crop 
did help to reduce the decreases in E100 . Unfortunately, it is 
difficult to estimate precisely how much of the reduced decrease in E100 
was due to the presence of the protective influence of a crop cover 
compared with the effects of roots and associated microbial activity on 
macropore stability. Dexter et al (1983) encountered a similar problem. 
Nevertheless, the presence of a crop cover is likely to be most 
important in protecting macropores near the soil surface (Marshall and 
Holmes, 1979). Since the measurement of E100 in this field experiment 
was made in the 5-15 cm soil depth where the direct impact of rain would 
not be felt, it is likely that living roots were directly responsible 
for maintaining the porous structure of the soil, whether they were 
roots of winter wheat or perennial ryegrass. This interpretation is 
supported by previous results (Chapter Four) which demonstrated that 
living roots of both wheat and perennial ryegrass may help to maintain 
pore stability. 
In 1976, Low showed that long periods of grass at various sites in 
the United Kingdom resulted in increases in total porosity when compared 
with arable soils. Similarly, Low (1975) observed that a characteristic 
of soils at Jealott's Hill, England after a period of grass was a marked 
increase in macroporosity compared with soils under continuous arable 
crops. Changes in soil porosity were primarily ascribed to the direct 
action of roots forming structural cracks and pores as a result of 
215 
drying out the soil or by opening out narrow channels; in addition, soil 
pores were thought to be formed by the indirect action of roots 
providing 'food' for soil macrofauna such as earthworms. He suggested 
that "roots, worms and other soil fauna bring about an increase in total 
pore space and decrease apparent density" (Low, 1976). Increases in 
total pore space of 35-50% were reported under long periods of grass 
(e.g. up to 100 years) using arable soils as a base level. 
The present results in Tables 8.1 to 8.3 suggest that in the 
absence of tillage, the most likely means of increasing E100 in this 
experiment is through channelling by earthworms although these increases 
often appeared to be offset by slaking and slumping in this particular 
soil. 
It seems highly unlikely that root growth per se can cause an 
increase in total pore space as Low (1976) implied. Such an increase 
would require an elevation of the soil surface (Sedgley and Barley, 
1958). There appear to be no reports to suggest that this has ever 
occurred in the field through the direct action of roots. Nevertheless, 
earthworm channelling might increase total porosity if casts are 
deposited on the soil surface (Lee, 1985; Springett, 1985); however, 
given that it might take 60 years for earthworms to consume a weight of 
soil equal to that found in the top 15 cm of soil (Barley, 1959b) and 
that not all earthworms cast on the soil surface (Lee, 1985), increases 
in total porosity by earthworm channelling in the short term are 
unlikely. 
An alternative interpretation of the results of Low (1976) is that 
rather than an increase in total porosity occurring under grass through 
the direct action of roots, a decrease in total porosity occurred under 
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arable cultivation. Furthermore, grass may have helped to maintain the 
amount of existing total porosity, especially because the crop would 
have been present all year round. 
It is worth considering whether large increases in total or 
macroporosity-arefeasible at all from the direct action of root growth 
and decomposition of other grass species, although the continuity of 
macropores might be increased under pasture (Goss et aI, 1984). Dittmer 
(1940) reported that the root length of Kentucky bluegrass (Poa 
. -2 pratensls) to 15 cm soil depth was 830 cm cm The maximum measured 
instantaneous living root length to 15 cm soil depth in the present 
-2 experiment was 81 cm cm measured under the DDR treatment at the last 
sampling occasion during the 1983/84 season. Assuming that the maximum 
instantaneous living root length underestimated the cumulative amount 
produced in that season by 45% (Section 6.3.1), the maximum amount that 
could have been produced in this experiment is approximately 150 
-2 
cm cm. , considerably less than that measured by Dittmer (1940). 
However, the percentage of the total soil volume occupied by the roots 
(and root hairs) of Poa pratensis in Dittmer's study was only 2.8%. 
Thus even when a grass species other than perennial ryegrass produced 
nearly six times as much root length as measured in the present 
experiment, the percentage of the t~tal soil volume occupied by the 
roots was still small. 
It must be emphasised that 2.8% of the total soil volume is the 
maximum amount of macroporosity that could have been potentially 
produced by the roots of bluegrass in Dittmer's experiment assuming that 
all the roots created new macropores, and that these new macropores were 
not subsequently blocked by renewed root growth. Once again, in reality 
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many of the roots would occupy existing macropores, thus making the 
amount of new macropores created after the roots decomposed smaller than 
2.8% of the total soil volume. 
8.5 SUKHARY AND CONCLUSIONS 
The conceptual model of changes in soil structure under different 
cropping systems (Figure 3.1) and field data were used to isolate and 
assess the relative importance of several processes which were 
recognised as influencing changes in E100.Soil shrinkage was probably 
not responsible for any changes in E100 as calculated from the results 
of the field experiment. 
Growth and subsequent decomposition of perennial ryegrass roots 
appeared significantly better than winter wheat roots in increasing 
E100 . However, root growth and decomposition never amounted to changes 
in E100 equivalent to more than 1.0% of the total soil volume and 
increases in E100 by root decomposition was always offset by similar 
decreases in E100 due to root growth. 
Both increases and decreases in E100 in similar amounts to root 
growth and decomposition were associated with earthworm activity. The 
only exception to this was when the soil was left under bare fallow 
conditions. Fallow soil encouraged a greater rate of earthworm activity 
than in the cropped treatments and was probably responsible for 
increasing E100 during a season by up to 3.0% of the total soil volume, 
although these changes were often offset by slaking and slumping. 
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Of the two processes of slaking and slumping, slaking was possibly 
negligible on the present site because the soil was classified in 
Emerson aggregate stability class 8, meaning that air-dry aggregates 
immersed directly in water neither slaked nor swelled (Emerson, 1967). 
Slumping and tillage appeared to be the most important contributors to 
changes in E100 . This was especially true after an initially large 
amount of macroporosity had been created by tillage. In general, the 
amount of slumping appeared to be partially offset by the presence of a 
living crop, whether that crop was winter wheat or perennial ryegrass. 
This result would suggest that one profitable line for research into 
soil structure in the Canterbury region might be to identify which 
cropping systems are best able to maintain macropore stability so 
avoiding unwanted soil compaction. 
If the results from the field experiment reported here are more 
generally applicable (there is some suggestion that they are), then the 
following conclusions may be drawn for soils which are unlikely to 
increase E100 through soil shrinkage: 
1. Creation of macropores by the action of root growth and subsequent 
decomposition and by the activity of earthworms alone is unlikely 
to be a viable option for increasing E100 on an annual basis. 
2. Although root growth and decomposition did not create large 
amounts of macroporosity on an annual basis, the presence of 
living roots did help to maintain E100 . Perennial ryegrass was no 
better than winter wheat in maintaining E100 on an annual basis, 
but probably would be better than winter wheat when treated as a 
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perennial crop because living roots would be present all year 
round. This would help to explain why soil structure is generally 
reported to be superior under perennial ryegrass than under winter 
wheat. 
3. Direct-drilling perennial ryegrass into poorly structured soils 
with a small value for E100 is unlikely to increase that value in 
the short term. However, it may increase the stability of that 
soil and make it resistant to further soil degradation. 
4. The only way to rapidly increase E100 substantially if E100 is 
initially small is to use tillage. Tillage may result in an 
increase in E100 an order of magnitude greater than can be created 
by roots or earthworms on an annual basis. However, the 
persistence of macropores created by tillage may be reduced if a 
living crop is not present. 
5. Inverting the soil, drilling a crop and waiting for that crop to 
establish is probably not the best way to create and maintain 
macroporosity. The results of this study strongly suggest that, 
when attempting to improve soil structure, if possible macropores 
should be created by tillage when a crop is already established 
(see suggestions for future work). Alternatively, crops could be 
used which establish very rapidly. The results of this experiment 
also strongly support the continued practice of undersowing (where 
appropriate) in order to provide a continual crop presence. 
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CHAPTER NINE 
GENERAL SUMMARY AND CONCLUSIONS 
A great deal of published evidence indicates that the choice of 
cropping system is an important factor influencing soil structure. 
Changes in soil structure caused by different cropping systems are very 
important particularly because of the strong influence of soil structure 
on successful soil management and crop growth. 
Despite .the quantity of information on soil structure, it remains 
difficult to arrange this information into an overall pattern to 
predict, or even interpret, changes in soil structure under different 
cropping systems in a particular locality, given the large number of 
possible combinations of soil type, crop, management and climate. 
Two reasons help to explain why prediction Of changes in soil 
structure under different cropping systems remains difficult. Firstly, 
there exists a great variety of techniques for measuring soil structure, 
many of vhich yield information which is unsuitable for quantitative 
prediction on how soil physical conditions will change under a given 
cropping system. Secondly, few field experiments have been specifically 
designed to isolate and assess the relative importance of the many 
possible processes influencing changes in soil structure under different 
cropping systems. These processes include root growth and 
decomposition, earthworm activities, tillage and slaking and slumping. 
The objectives of this investigation were: 
1. To devise and test a realistic, conceptual model of changes in 
soil structure under different cropping systems which could be 
used as a framework for the design and interpretation of 
experiments concerning the effects of cropping systems on soil 
structure. 
2. To conduct field experiments to observe whether an effect on soil 
structure of two different crops per se could be distinguished 
from the effects of management. 
3. To use the conceptual model to isolate and assess the relative 
importance of several processes influencing changes in soil 
structure in the above field experiments. 
The results summarised in this chapter relate mostly to these 
specific objectives. 
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The focal point of the conceptual model was the creation and 
destruction of pores greater than 100 ~m in effective diameter (the 
fraction of the total soil volume made up by these pores is designated 
by the symbol E100). Processes recognised to create macropores were 
tillage, root growth and decomposition, and earthworm activity. 
Macroporosity was envisaged as being lost by temporary blockage from 
roots and by slaking and slumping of the soil under the action of rain 
or irrigation. The model did not explicitly account for crop nutrition, 
soil temperature, soil swelling and shrinkage, or compaction by animals 
and machines not involved with tillage operations. 
One method of applying the conceptual model was to use it in a 
budget form to assess the relative importance of the different processes 
222 
which change E100 under different cropping systems. The results of such 
calculations could be extremely useful when attempting to identify 
strategies to manage soil structure, especially if mathematical 
relationships between E100 and soil transmission properties were 
available. 
A glasshouse experiment was specifically designed to test part of 
the conceptual model involving root growth and decomposition. The 
hypothesis tested was that soil transmission properties might be changed 
if living and dead roots altered E100 . Growth of perennial ryegrass in 
laboratory-packed cores caused a small, non-significant decrease in E100 
and a large, significant decrease in saturated hydraulic conductivity 
(K
sat )· Both E100 and Ksat subsequently increased once the ryegrass 
shoots had been killed off and the roots had been left to decompose. 
Resowing perennial ryegrass or wheat into the cores already containing 
decomposing ryegra~s roots did not further decrease E100 or Ksat' 
presumably because any macropore blockage by growing roots was offset by 
the freeing of pores by decomposition of the original ryegrass roots. 
Attempts to model the observed effects of root growth and 
decomposition on K t using the Marshall equation were unsuccessful, 
sa 
partly because the equation was unable to take into account the way in 
which pore stability and/or pore continuity were influenced by root 
growth. 
An index of pore stability was derived from the K t measurements 
sa 
in the glasshouse experiment. Living roots (and probably the microbial 
activity associated with them) of wheat and perennial ryegr~ss both 
helped to maintain pore stability in a similar fashion. Measurements of 
aggregate stability using wet-sieving were made to help interpret the 
pore stability results, but gave inconclusive results. 
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In a field experiment conducted under Canterbury conditions in a 
Wakanui silt loam soil originally in pasture, perennial ryegrass and 
winter wheat were grown as annual crops from 1983 to 1985. The different 
crops were managed identically within two cultivation systems (direct-
drilling and conventional cultivation). Additional plots within each 
cultivation system were also prepared for the two crops, but were not 
drilled. A small area of the original pasture was left undisturbed to 
act as a grass reference area. The design of this field experiment 
allowed the effect of changing cultivation practices and the effect of 
changing crop species on soil structure to be identified. 
The crop measurements made included root and shoot growth and crop 
canopy development. The soil measurements were principally infiltration 
rate (IR), air permeability (K • ), soil dry bulk density (Db)' total 
alr 
porosity (E t ), macroporosity (E100), saturated hydraulic conductivity 
(K t)' incidence of earthworm channels, earthworm numbers and aggregate 
sa 
stability by the wet-sieving technique; 
Cultivation did not affect total yields of either crop, grain 
yields of wheat, maximum rooting depths of either crop or total root 
production of perennial ryegrass. However, in the first season 
cultivation favoured wheat root production compared with direct-
drilling, but the reverse was true in the second season. Although wheat 
returned larger total quantities of root material to the soil, both 
crops returned similar quantities of root material to the top 20 cm. 
This result suggested that in this area at least, perennial ryegrass 
grown as an annual crop would be no better than wheat at maintaining 
levels of soil organic matter in the top 20 cm soil depth if shoot 
residues were removed from the field or burnt. 
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Most of the soil measurements were confined to the 5-15 cm soil 
depth, the middle of the region most affected by cropping systems. Many 
of the soil measurements indicated a deterioration of soil structure 
over the two years of the experiment, which was more pronounced in the 
ploughed treatments than in the direct-drilled ones. Nevertheless, 
absolute values of many of the soil measurements (e.g. Et and E100) were 
larger in the ploughed treatments. 
During the first season, cultivating the soil greatly increased Et 
and E100 , but these effects were transient. By the second season, 
cultivation failed to increase either Et or E100 and it also appeared to 
cause an initial loss of pore continuity, calling into Question the need 
for annual tillage/cultivation on this soil. 
Yith the exception of one type of aggregate stability measurement, 
none of the other soil measurements detected a consistent and 
significant difference between the effects of perennial ryegrass or 
wheat on soil structure. Nevertheless, there was an indication that the 
presence of a crop helped to reduce losses of macroporosity. 
The size of the earthworm population and the number of earthworm 
channels were strongly affected by the different treatments. In the 
fallow treatments, the number of earthworm channels increased markedly 
towards the end of the experiment when compared with the cropped 
treatments. However, after only 16 months, the fallow treatments 
contained the smallest number of earthworms. It was suggested that lack 
of fresh organic matter contributed towards greater earthworm 
channelling as the field experiment neared its conclusion. 
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The results of the soil measurements from the grass reference area 
were very similar to the results from the direct-drilled treatments; in 
particular, it appeared that the amount of macroporosity even under the 
grass reference area very gradually decreased with time. 
Highly significant linear regressions with E100 were obtained for 
Et' K
sat and IR. This suggests that E100 could be used as a criterion 
for diagnosing potential problems with soil transmission properties. 
To apply the conceptual model in its budget form required a field 
estimate of the maximum return of root material over one season and the 
time taken for roots to decompose and so free channels for water and air 
movemement and subsequent root growth. Initial estimates of root growth 
were for living roots only and they gave no indication of how many dead 
roots remained unmeasured. A rhizotron experiment in the second season 
indicated that measurements of the maximum instantaneous amount of 
living roots underestimated the total cumulative amount by 36% and 45% 
for wheat and perennial ryegrass respectively. 
Perennial ryegrass roots decomposed in a classic exponential 
fashion. Using visual observations, it was estimated that 50% of a 
, given amount of perennial ryegrass roots would decompose in 254 days 
under Canterbury conditions. 
Application of the conceptual model using the results of the field 
experiments revealed several observations: 
1. Root growth and decomposition probably never changed E100 by 
amounts equivalent to more than 1.0% of the total soil volume over 
a season. An increase in E100 caused by freeing of macropores as 
roots decomposed usually appeared to be offset by a decrease in 
E100 as macropores were created but blocked by root growth. 
2. Earthworm channelling was associated with both significant 
increases and decreases in E100 ' but the amounts created or lost 
were small and similar to that produced by root growth and 
decomposition (i.e. about 1.0% of the total ~oil volume) over a 
season. 
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3. Tillage produced the largest increases in E100 during a season, 
some of which were as large as 10% of the total soil volume in the 
5-15 cm soil depth. 
4. Slumping appeared to be primarily responsible for the decreases in 
E100 measured in this field experiment, suggesting that macropore 
stability was a crucial component of the conceptual model. The 
estimated amount of slumping was greatest after tillage had 
produced large increases in E100 . The estimated amount of 
slumping in both cultivation treatments was reduced if a crop was 
present. However, both wheat and ryegrass caused similar 
reductions in the amount of slumping, which agrees with the 
results of the glasshouse experiment. 
The above observations suggested that root growth and earthworm 
activity alone would not be able to cause appreciable short term 
increases in E100 , although the presence of living roots might help to 
maintain an existing E100 • It was concluded that if macropores had to 
be rapidly created in a poorly structured soil with a small shrink/swell 
potential, the only practical way to achieve this would be to use some 
'form of tillage. However, tillage was not always successful in creating 
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macropores in the present experiment. The results strongly suggest that 
when trying to improve soil structure, macropores should be created by 
tillage when a crop is already established. In this way, the full 
benefit of crop effects on macropore stability would probably be 
achieved. 
The present results and conclusions have demonstrated the need to 
be specific when assessing the effects of a particular cropping system 
on soil structure. Changes in soil structure under a particular 
cropping system broadly represent a combination of the effects of soil 
management, crop species and climate. Previously, few field experiments 
appear to have distinguished between the effects of management or crop 
species on soil structure. In the experiment reported here, differences 
between wheat and perennial ryegrass had no effect on soil structure. 
However, the presence of either crop was shown to be beneficial to soil 
structure. The observed changes in soil structure could be ascribed 
almost exclusively to the type of soil management and to the presence of 
a crop in general. 
Many previous field experiments have assessed the impact of a 
cropping system on soil structure simply in terms of whether air-dried 
, aggregates remained stable when wet-sieved. When a similar technique 
was used in the present experiment, classic results were achieved: 
firstly, perennial ryegrass appeared a more effective soil stabiliser 
than wheat; secondly, the direct-drilled treatments appeared more stable 
than the ploughed treatments, despite there being no significant 
differences in soil organic matter content under the crops at the soil 
depth studied. 
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These wet-sieving results were not supported by the results of the 
porosity-related ~easurements made in the field experiment. It is 
suggested that most realistic assessments of soil stability here were 
the estimated changes in E100 due to slumping, where no difference 
emerged between the effects of wheat or perennial ryegrass. 
The disagreement between the wet-sieving results and the slumping 
estimates is interesting. Perhaps the disagreement is related to the 
rather artificial nature of the wet-sieving method. Wet-sieving 
I measuremen ts are pr()b~bly more appropriate when. they. are mad~_on the i 
surface soil. However, they were of little use for the 5-15 cm soil 
depth in this investigation. 
At this stage, it is appropriate to consider some of the more 
pertinent limitations to this investigation. These are briefly 
discussed. 
Perhaps the most important limitation to the present model is that 
no account has been taken of damage to soil structure by grazing animals 
and heavy machinery not involved with initial tillage operations. 
Damage to soil structure through these two processes can be large. 
Application of the conceptual model was confined to the 5-15 cm 
soil depth. By confining measurements to one soil depth, no indication 
was given of the soil physical conditions above and below that depth. 
For example, a well-structured 5-15 cm layer might be of little use if 
the soil surface was badly capped or if there was a plough pan at 20 cm 
soil depth (neither situation occurred in the present experiment). 
Only one site was studied in detail in this investigation and 
there is always the danger when extrapolating results such as these to 
other situations. To a certain extent, use of the conceptual model has 
enabled some confidence to be attached to extrapolation of some of this 
study's conclusions to other soils and crops. In particular, the slow 
rates at which E100 can be expected to increase by roots and earthworms 
in this study can be expected to be quite typical. 
It was perhaps fortunate that close linear relationships were 
obtained between E100 and Ksat' and E100 and IR on this site. There is 
no-indication that general relationships like these would be found if 
data from a range of different sites were collected. 
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The field experiment was of only two years duration and few long 
term conclusions can be drawn from the results. It would have been 
interesting to continue the experiment since some marked trends were 
emerging towards its conclusion, particularly with earthworm channelling 
and aggregate stability. Moreover, soil physical conditions were not 
limiting to crop growth in the present experiment and its continuation 
at a reduced level of sampling (immediately before and after tillage and 
at harvest) would have been desirable to observe if and when any of the 
, treatments became structurally limiting. 
Suggestions for future work 
The results from this investigation have revealed many possible areas 
for future research. Some of these are discussed below: 
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1. Further application of the conceptual model requires that it is 
tested on a greater range of sites, representing a wide variety of 
soil types, crops, management and climatic situations. It seems 
unlikely that measurements would have to be made at the same 
sampling frequency as in the present experiment. Appropriate 
times of sampling would perhaps be before and after tillage and 
after harvest. On very unstable soils, more frequent measurements 
would be needed in order to accurately assess the impact of 
slaking and slumping~ Soil measurements would have to include a 
greater range of soil depths, perhaps 0-50 cm. 
2. Some suggestions were made in Chapter Three on the ways to develop 
the conceptual model into a mathematical one. However, before 
mathematical development is attempted, it would be wise to include 
in the model the effects of soil shrinkage and swelling and 
freezing/thawing cycles which are clearly important in 
ameliorating soil compaction in some areas (see Vorhees, 1983 for 
a brief review). However, in the sub-humid part of Canterbury, 
surface soil temperatures are unlikely to get below freezing point 
(Cox, 1978) with the result that freezing/thawing may be 
unimportant for further local application of the conceptual model. 
3. Results from the application of the conceptual model suggest that 
a profitable line of soil structure research in this region would 
be to concentrate on the factors most important to macropore 
stability. This research would not only need to involve the 
identification of cropping systems most able to enhance macropore 
stability, but also the development of methods able to predict the 
likely extent of macropore loss under field soils. If new methods 
could be devised to measure macropore stability and predict 
slaking and slumping, then changes in E100 could be predicted. 
Few approaches seem to have considered the role of soil fauna and 
living roots in relation to macropore stability. 
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4. It was suggested that the amelioration of soils with small amounts 
of macroporosity might be best achieved by tillage operations 
carried out when a crop was already established. One way of 
carrying out such an operation would be to use the 'Paraplow' 
(Pidgeon, 1982; Braim et aI, 1984) which loosens compacted soil 
without inverting the topsoil. The persistence of any improvement 
by paraplowing will depend on the stability of the pores and 
fissures created. Paraplowing can easily be carried out in fully 
established grass swards. A key experiment would be to observe 
whether macropores created by paraplowing persist for longer when 
ryegrass is already well established than when ryegrass is 
established after paraplowing. It is uncertain whether 
paraplowing can be used in fields with established arable crops. 
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Appendix 1: Particle size analysis of a Wakanui silt loam profile 
% (w/w) Mineral Particles 
Soil 
Depth > 200 ~m 200-2000~m 50-200 ~m 20-50 ~m 2-20 ~m < 2 ~m Hand 
(em) Texture 
0-10 0 5.0 18.0 16.0 30.8 30.2 zl 
10-20 0 3.0 17.7 23.8 28.1 27.4 zl 
20-30 0 4.0 17.5 18.5 31.8 28.2 zl 
30-40 0 4.3 20.2 17 .5 29.7 28.3 zl 
40-50 0 3.0 27.0 22.0 26.5 21.5 fsl 
50-60 0 5.7 28.2 18.8 21.8 25.5 sl 
60-70 0 4.1 31.5 20.5 22.6 21.3 sl 
70-80 0 3.5 32.5 20.0 24.5 19.5 sl 
80-90 0 3.8 37.2 22.0 22.3 14.7 Is 
90-100 0 3.5 37.5 23.0 23.3 12.7 Is 
zl, silt loam; £sl,. fine sandy loam; sl, sandy loam; Is, loamy sand. 
Samples were chemically and mechanically dispersed (MAFF, 1973) and 
their particle size distribution analysed by sieving (particles > 63 ~m 
diameter) and a sedigraph method (particles < 63 ~m diameter), using a 
Micrometries 50000 particle size analyser. 
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Estimations of permanent wilting point (PWP, ~ = -15296 cm) 
and field capacity (Fe) soil water contents (a) and soil dry 
bulk density (b) of the Wakanui silt loam used in this study. 
Each point represents the mean of four replicates. 
Soil dry bulk density (9 cm-3) 
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Appendix 3: MAF soil quick tests for experimental site 
(0-15 cm soil depth) 
Date pH p K 
6/5/83 6.0 15 11 
20/1/84 * 5.9 16 8 
* .Samples taken from cropped plots only. 
General Recommendations 
Test Low Medium 
p 9-15 16-25 
K 4-5 6-8 
Ca 6-12 13-25 
Mg 0-3 4-10 
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Ca Mg 
9 27 
9 23 
High 
>26 
9-12 
26-50 
>11 
Appendix 4: Layout of the field experiment. The positioning of the 
rhizotrons is shown by the small boxes at the north end of 
the site (1984/85 only). Figures next to plot areas are 
plot numbers. 
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Appendix 5: Cumulative infiltration against time for four individual plots 
(31/5/83). PW, ploughed wheat; PR, ploughed ryegrass; 
DOW, direct-drilled wheat; DDR, direct-drilled ryegrass. 
E 
o 
c 
o 
~ 
co 
... 
... 
-c 
Q) 
> 
... 
co 
:I 
E 
:I 
o 
100 
PW 
50 
o 
o 50 100 
Time (minutes) 
Appendix 6: Soil water content before (--) and 24 hours after (----) 
infiltration on two plots on 29/1/85. ., direct-drilled 
wheat (a); 0, ploughed wheat (b). 
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